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EXECUTIVE SUMMARY

Macrosegregation in metal casting can be caused by thermal and solutal melt

convection, and the transport of unattached solid crystals. These free grains can be a

result of, for example, nucleation in the bulk liquid or dendrite fragmentation. In an effort

to develop a comprehensive numerical model for the casting of alloys, an experimental

study has been conducted to generate benchmark data with which such a solidification

model could be tested. It was our goal to examine equiaxed solidification in situations

where sinking of gains are (and are not) expected. The objectives were: 1) experimentally

study the effects of solid transport and thermosolutal convection on macrosegregation

and grain size distribution patterns; and 2) provide a complete set of controlled thermal

boundary conditions, temperature data, segregation data, and grain size data, to validate

numerical models such as Beckermann and Wang's (1995).

It is expected that modeling efforts will use the thermocouple measurements in

the walls of the crucible and perhaps the top thermocouple in the sample as input

boundary conditions and that the code will solve for the temperatures in the sample.

These numerically determined sample temperatures will then be compared to the

measurements made in the sample interior. Through the control of end cooling and side

wall heating, radial temperature gradients in the sample and furnace were minimized.

Thus a simplifying assumption that the vertical crucible wall is adiabatic can be made; in

which case the thermocouple measurements in the side wall may not be needed.

Regardless of the details of any numerical effort, the locations of the thermocouples and

sample domain are needed to setup the simulation and compare results. The

thermocouple locations and crucible/sample dimensions are given in Figures 2.2, 2.3, 2.4.

The length of the sample varies during different stages of the experiment due to thermal

expansion and expansion upon melting. The volume of the samples at room temperature

was 24 cm 3, the volume displaced by the immersion of the thermocouples in the sample

was about 1.3 cm 3, thus making the total volume of the sample 25.3 cm 3. The length of

the samples at room temperature, with thermocouples inserted, was 95 mm, and when

fully liquid the sample length was about 100 ram. The thermophysical properties for the

alloys are given in Table 6. Also provided in this section, page 75, are details and

references needed for the inclusion of_the settling and advection characteristics of

equiaxed dendrites, such as the experimentally found drag coefficient of a equiaxed
dendrite.

The alloys used were Al-1 wt. pct. Cu, and AI-10 wt. pct. Cu; the starting point

for the solidification of these samples can be considered to be: isothermal at 710 °C and

685 °C respectively. To induce an equiaxed structure (and the opportunity for grain

movement) various amounts of the grain refiner TiB2 were added. Samples were either

cooled from the top, or the bottom. The composition, direction solidified, and amount of

grain refiner in the nine ingots processed are summarized in Table 4, page 22.

Several trends in the data stand out.__In attempting to model these experiments,

concentrating on experiments which show clear trends or differences may be beneficial.

Comparing Experiments 2 and 7: Experiments 2 (E2) and 7 (E7) had the same A1-

10wt. pct. Cu alloy concentration and about the same initial cooling rates (16 and 12

NASA/TM--2000-210020 1



K/min respectively) and additions of TiB2 grain refiner (0.045 and 0.067wt. pct.
respectively).At this alloy concentration,10wt. pct. Cu, the primary A1 grains have
nearly the samedensity as the melt. Experiment 2 was cooled from the bottom,
solidifying upward,with the longitudinal temperatureandconcentrationgradientsbeing
stable. Experiment 7 was cooled from the top, thus solidifying downward, with
longitudinal temperature and solutal gradients being unstable. The temperature
measurementsfor E2 and E7 are shown in Figures 4.3, 4.4, 4.13 and 4.14 and the
numericalvaluesareprovided in Appendix C, TablesC2 and C7. As shownin Figures
5.12and5.17,thegrainsizein E7 wasabout3 timeslarger thanin E2. We believegrains
nucleatedin theupperportion of the E7 ingot were carriedby convectionto lower and
hotter areasin the ingot where somemelted; thus resulting in fewer nucleatedgrains
survivingandthe largergrain size.In E2 convectionandgrain advectionis expectedto
be lessextensive,resultingin lessgrainannihilationanda smallergrain size.We hopein
futurework to examinesegregationin E2 andE7.

Comparisonof Experiments3, 4, and 5 to Experiments8 and 9: Experiment3,
E4, E5, E8 andE9 hadthe samestartingcompositionof Al-lwt. pct. Cu. Experiment3,
E4 andE5 werecooledfrom thebottomandresultedin completelycolumnarstructures.
Experiment 8 and E9 were cooled from the top and resulted in completely equiaxed
structures.The initial coolihgrate imposedduringE3, E4, and E5 wasabout20K/min.,
andabout 12K/min. in E8 andE9. Figures4.5through4.10and 4.15through4.18show
thethermaldata,with thenumericaldataprovidedin AppendixC, TablesC3, C4,C5,C8
andC9.At this initial composition,1wt. pct.Cu, theprimary solidA1grainsareheavier
than the surroundingliquid. In E3, E4, andE5, thermaland solutalgradientsarestable,
andif thereis anysettling of A1grains- it is expectedto bedown - not up into the far
field liquid. In E8 and E9 thermaland solutalgradientsareunstableand free AI grains
anddendritefragmentsareexpectedto settledown - into the far field liquid. The center
line compositionmeasurementsof E8 show nearly no segregation,seeFigures 6.10
through6.13andTable5 of Section6.2. Thecolumnarstructuresof E3, E4, andE5 may
have been causedby the higher cooling rate, though we believe the developmentof
equiaxedgrowth in E8 andE9 wasassistedby therelatively strongconvectionexpected,
perhapscausingsomedendrite fragmentation,and that the flat compositionprofile is
causedby settlingandadvectionof solid A1grains.

Comparisonof Experiments6 and8: Experiment6 andE8 werebothcooledfrom
the top, thussolidified from the top down. But the compositionand initial cooling rate
usedduringE6 were Al-10wt. pct. Cu and 5.3 K/min. and the compositionandcooling
duringE8 were Al-lwt. pct. Cu and 12 K/min.; thermalmeasurementsareprovided in
Figures4.11,4.12,4.15,and4.16,andin TablesC6 andC8.Figures5.12and5.22show
thegrain sizein E6 andE8 to beabout2.8mm, and5.6mmrespectively;thesegrain size
differencesare expected to be dominatedby differencesin soluteconcentration,and
perhapscooling rate. Table 5, Figures 6.7 and 6.10 show the Cu concentrationof E6
going from about7wt. pct. at the top of the ingot to about14wt. pct. at the bottom, and
negligible longitudinalsegregationin E8. This largedifferencein amountsof segregation
arebelievedto bedue to moreextensivesettlingandpooling of Cu rich liquid in E6, and
moreextensivesettlingof A1rich solidgrainsin E8.

NASA/TM---2000-210020 2



CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

Solidification of metal alloys is characterized by the presence of microscopically

complex interfacial structures that can exist on different physical scales. The most

common structure for a solid crystal or grain is the dendrite which can exist in either

columnar or equiaxed form, as shown schematically in Figure 1.1. The dendrite is

characterized by a tree-like structure and is illustrated with the electron microscope image

shown in Figure 1.2. Equiaxed dendrites in an alloy nucleate and grow in a temperature

and concentration region referred to as the solid+liquid region, or mushy zone, of the

equilibrium phase diagram. A typical binary alloy phase diagram can be seen in Figure

1.3. The growth, shape, and composition of equiaxed dendrites are strongly influenced

by their movement as will be discussed in the literature review. Movement of equiaxed

grains is a result of gravity induced forces in the casting. This includes movement due to

sedimentation or floating of the solid and movement due to convection patterns in the

melt. Sedimentation or floating of grains is a result of density differences between the

grains and the bulk liquid that arise from the rejection or incorporation of solute during

the solidification process, and solidification shrinkage. Convection in the melt is due to a

combination of density differences resulting from temperature and composition variations

in the liquid, typically referred to as thermosolutal convection.

Depending on how cooling is applied to the system and the concentration and

density of the constituents, the thermal and solutal buoyancy forces may oppose or add to

one another leading to various complex convection patterns (Muller et al., 1984; de Groh

III and Lindstrom, 1994). The buoyancy induced melt flow and transport of solid that

occurs during solidification generates compositional and structural nonuniformities at the

macroscopic level (de Groh III, 1994; Song et al., 1996). It is the goal of current

numerical simulation work to predict such compositional and structural nonuniformitieg

in an attempt to minimize their negative affect on the final macrostructure. One numerical

model of particular interest was developed by Beckermann and Wang (1995). This model

uses a multi-phase/multi-scale approach that allows for the movement of both the solid

and the liquid phases during solidification. Beckermann and Wang undertook the first

attempt toward predicting equiaxed dendritic microstructures in the presence of melt

convection and solid movement. The microstructures of specific interest include the

grain size and macrosegregation patterns as a result of combined melt convection and

solid movement. They performed limited experimental validation of the model using a

NH4C1-H20 transparent model alloy. In addition they demonstrated a numerical

application of the model to equiaxed dendritic solidification of A1-Cu alloy in a

rectangular cavity. Further validation of the model is needed but a complete set of

experimental data is required. It is one of the aims of this research to provide a sufficient

set of quantitative data for further validation of their model.

NASA/TM--2000-210020 3
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Figure 1.1 Schematic illustrations of the macroscopic regions consisting of solid, liquid,
and mushy zones and columnar (bottom right) and equiaxed (top right)
dendrites.
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Figure 1.2 Electron microscope image of a lead dendrite on the surface of an ingot. The
image illustrates the tree-like structure of a dendrite. (de Groh III, 1998)
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Figure 1.3 Typical phase equilibrium diagram for a binary alloy. The region between the
solidus and liquidus lines is commonly referred to as the mushy zone. (Kurz
and Fisher, 1986)
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1.2 Literature Review

Numerous studies have been done which illustrate the effects of solid transport on

the final structure of an alloy. The following section provides a brief overview of a select

few of these studies along with an overview of a couple of studies that heavily influenced

the setup of the experiments for this thesis.

A fine equiaxed grain structure is often preferred over a columnar structure for

reasons such as uniform mechanical properties and better overall strength and resistance

to fatigue. In many castings a mixed columnar/equiaxed grain structure exists. Much

research has been done to determine the major factors that influence the columnar-to-

equiaxed transition (CET) (Griffiths et al., 1996; McCartney and Ahmady, 1994; Ziv and

Weinberg, 1989; Sato and Sato, 1982; Doherty et al., 1977). One such study was the

unidirectionally solidified casting experiments of AI-3 wt. pct. Cu alloy by Ziv and

Weinberg (1989). In these experiments the configuration was thermally and solutally

stable, hence minimizing the effect of thermosolutal convection. Figure 1.4 shows a

sequence of grain structures where the heat transfer coefficient at the bottom was varied.

It can be seen from these experiments that the length of the columnar region increases

with stronger cooling. The increased columnar region can be attributed to the stronger

thermal gradient in the mushy zone which inhibits the development of free-floating

equiaxed crystals which can impinge upon the advancing solidification front and force
the CET. Attention is drawn to this result due to its relevance to the solidification

experiments performed in the current study. Another important result from this study

was the effect of the addition of a grain refiner. In the second set of experiments, the

cooling rate and all other conditions were identical except for the addition of minute

amounts of grain refiner (TiB2). With increasing amounts of grain refiner, the structure

changes from a coarse-grained mixed structure to one of fine equiaxed grains. Figure 1.5

shows the sequence of experiments from left to right with increasing grain refiner. The

grain refiner reduces the size of the grains by effectively increasing the number of

nucleation sites and therefore increasing the number of nucleated grains which compete

in the mushy zone.

Movement of equiaxed grains can cause particularly severe macrosegregation due

to sedimentation as observed in solidification of undercooled Pb-Sn eutectic alloys (de

Groh III, 1988; de Groh ffl and Laxmanan, 1988). In these experiments the eutectic melt

was substantially undercooled before solidification. The undercooling caused the

primary Pb phase to nucleate first. Since the Pb dendrite is more dense than the bulk

liquid, the Pb-rich dendrites tend to sink leaving behind a Sn-rich melt. As illustrated in

Figure 1.6, the settling effect of grains can be seen with the insertion of a stainless steel

screen near the center of the ingot. The plot shown to the left in Figure 1.6 illustrates the

corresponding macrosegregation profile. The solid movement due to the density

differences between the bulk liquid and the solute-poor grains results in the strong

increase in Pb concentration toward the screen and the sample bottom, with an

approximate 20 wt. pct. jump at the location of the screen. Similar experiments were

performed with an AI-Cu alloy (Ohno, 1987). Figure 1.7 illustrates the resulting

macrostructure of an aluminum ingot after inserting a stainless steel filter into the melt.

NAS A/TM----2000- 210020 7



Figure 1.4 Grain structure of a vertically solidified AI-3 wt. pct. Cu alloy showing the
columnar-to-equiaxed transition. (Ziv and Weingerg, 1989)
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Figure 1.5 Grainstructureof avertically solidifiedA1-3wt. pct.Cu alloy showingthe
effectof increasinggrainrefiner (TiB2)concentration(from left to right).
(Ziv andWeinberg,1989)

NASA/TM----2000-210020 9
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Figure 1.6 Effects of settling of equiaxed grains on solidification of an undercooled Pb-

Sn eutectic alloy with a stainless steel screen near the center. (left)

Microprobe composition measurements. (center and right) Micrographs of

longitudinal cross-sections. (de Groh III and Laxmanan, 1988)

Figure 1.7 Resulting macrostructure of an aluminum ingot after inserting a stainless steel

filter into the melt prior to quenching. (Ohno, 1987)
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In these experiments (Fig. 1.7) the solute-poor grains were heavier than the bulk liquid,

as with the Pb-Sn experiments (Fig. 1.6), resulting in the similar effect of settled grains

on top of the inserted stainless steel screen. The rate and manner by which free equiaxed

grains settle influence the amount and distribution of segregation. An understanding of

this settling behavior is necessary for the understanding and possible control of the

solidification process. The basic settling characteristics of manufactured dendritic shapes

and natural dendrites in clear metal analogs have been examined by Zakhem et al., 1993;

Ahuja, 1992; Ahuja et al., 1992; de Groh Ill et al., 1993; and Wang et al., 1995, and has
resulted in the solution of the interfacial drag between equiaxed dendrites and their

surroundings over a wide range of solid volume fractions thereby enabling the

determination of grain movement in numerical modeling.

As mentioned in the introduction, gravity induced forces not only result in

sedimentation and floating of solid grains, but also cause convection in the melt. One

such study that illustrates this was done on an aqueous solution of NH4C! (Hellawell et

al., 1993). In this study channel plume flow was observed directly in the transparent

aqueous solution and evidence of plume flow was found in fully solidified alloys. Figure

1.8 shows plumes that have develop in the mushy zone and erupted into the liquid. These

plumes can transport solid fragments and cause segregation on the system scale. The

permeability of the mushy zone has a large effect on the development of these plumes.

Another study showing the influence of fluid flow on macrostructure was done by

Griffiths and McCartney (1993). In this study, hypoeutectic alloys of A1-Cu and A1-Si

were solidified downwards to promote thermosolutal convection in the melt.

Fragmentation processes versus heterogeneous nucleation were investigated for their
affect on the CET. There was no evidence found from Griffiths and McCartney's

investigation that fragments of the Solidification front were responsible for the CET, but

rather it was suggested that the main contributor to the equiaxed zones was the

heterogeneous nucleation ahead of the solidification front. Lastly, essential principles of
thermosolutal convection are outlined in a paper by Hansen et al. (1996). The paper

discusses some consequences of thermosolutal convection on the grain structure of

castings. A discussion of the two contributors to buoyancy within a fluid, thermal and

solutal contributions, is thoroughly discussed.

While the studies reviewed showed the effects of solid movement and

thermosolutal convection on macrosegregation and grain size distribution, none of them

presented all of the data required for a thorough validation of a numerical model. That is,

none of the previous studies carefully controlled and presented thermal boundary

conditions, temperature data, segregation data, and grain size data all at the same time.

As mentioned earlier, a complete set of experimental data is required for validation of the

numerical model of interest. For this reason, there is a need for carefully controlled

solidification experiments.

NASA/TM--2000-210020 11



Figure 1.8 Plume convection patterns above an aqueous NH4C1 growth front.
(Hellawell, Sarazin, and Steube, 1993)
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1.30biectives of Current Study

The objectives of this research are as follows:

1) Experimentally study the effects of solid transport and thermosolutal convection on

macrosegregation and grain size distribution patterns.

2) Provide a complete set of experimental data: controlled thermal boundary conditions,

temperature data, segregation data, and grain size data, to validate numerical models

such as the one developed by Beckermann and Wang (1995).

In the next chapter, the experimental setup and procedures for the solidification of

the A1-Cu alloy ingots are presented. Chapter 3 describes procedures required for

obtaining the grain size and segregation data from the fully solidified samples. Chapter 4

discusses the results of the solidification experiments and presents the measured cooling

curves and thermal boundary conditions. In Chapter 5 the grain size measurements are

set forth with illustrations and discussion. Pictures of the overall grain structure are

presented along with various calculated quantities required to evaluate the grain size.

Chapter 6 discusses the result of the segregation measurements. Chapter 7 provides

preliminary numerical work by applying the experimental boundary conditions to a one-

dimensional model of solidification. The final chapter summarizes the major conclusions

from this study as well as recommendations for future research.

CHAPTER 2

EXPERIMENTAL SETUP AND PROCEDURES

2.1 Introduction

The primary objective of the solidification experiments is to determine how

convection in the liquid and settling of free grains, interrelate and result in segregation in

castings. A secondary objective is to provide quantitative data on the A1-Cu alloy system

to allow a critical test of the numerical model developed by Beckermann and Wang

(1995).

Experiments were conducted with a detailed consideration of the theoretical

model with concentration on equiaxed solidification of bulk ingots. The Glove Box

Casting Facility (GBCF) and the Bulk Undercooling Furnace (BUF) in the Microgravity

Materials Science Laboratory at the NASA Glenn Research Center in Cleveland, Ohio

were used to perform the experiments. The GBCF was used to prepare the necessary

constituents for the experiments while the BUF was used to provide computer control

over the thermal gradients and boundary conditions of the experiments.

Internal temperatures of the ingot were measured during solidification through the

use of strategically placed thermocouples. After solidification, the ingots were sectioned

and etched to determine structural and compositional variation. Variations were

NASA/TM---2000-210020 13



determined through the use of light microscopy techniques to measure grain size

variation and microprobe analysis to measure macrosegregation.

2.2 Experimental Setup

2.2.1 Experimental Materials and Conditions

In order to see transport phenomena such as solid sedimentation and

fragmentation, two different AI-Cu alloys were selected. AI-I wt. pct. Cu was chosen

because the dendrites that grow will be denser than the bulk liquid and tend to sink (See

Appendix A for calculations). The second alloy chosen was AI-10 wt. pct. Cu; this

selection was based on the nearly equal buoyancy of the liquid and solid states at the start

of solidification.

Since a fully equiaxed microstructure is desired for the experiments, factors on

the Columnar to Equiaxed Transition (CET) are taken into consideration. Determination

of melt superheat is based on previous work by Suri et al. (1997), finding that the extent

of the columnar region increases with superheat. In adherence with this finding, a

temperature of 50°C above the liquidus temperature was selected for the experiments. A

nucleating agent or grain refiner was also used in some experiments to promote the CET

by providing more locations for heterogeneous nucleation. The refiner chosen for the

experiments was TiB2 (11 !am average particle size).

The grain refined samples of Al-1 wt. pct. Cu and Al-10 wt. pct. Cu consisted of

0.45 and 0.045 wt. pct. TiB2, respectively. The amount of TiB2 added is based on the

study by McCartney and Ahmady (1994) according to the parameter [3 (See Appendix B).

Later, additional experiments were performed with additional refiner, 0.67 wt. pct. for the

1 wt. pct. Cu alloy and 0.067 wt. pct. for the 10 wt. pct. aluminum alloy. The additional

refiner was needed to further reduce the grain size in the resulting casting.

2.2.2 Description of Equipment

Two separate facilities were used to conduct the experiments. One facility was

used to prepare the AI-1 wt. pct. and AI-10 wt. pct. Cu samples and the other facility was

used to perform the controlled cooling experiments. The first facility used, The Glove

Box Casting Facility (GBCF), is a stainless steel glove box that is kept at a positive

pressure of argon. The GBCF has an operating temperature range of 25 to 950°C. The

inert atmosphere and the high temperature capability of the furnace were the primary

reasons why the GBCF was selected to prepare the samples of aluminum and copper.

Once the samples are prepared the experiments are conducted in an apparatus

referred to as the Bulk Undercooling Furnace (BUF) shown in Figure 2.1. The BUF is a

three-zone furnace with water and gas cooling systems at the top and bottom ends. The

BUF is designed to study the effects of undercooling in metal alloys, however, it can be

used to directionally solidify materials upward or downward. The operating temperature

range of the BUF is from 25 to 800°C. Thermal gradients can be achieved between the

range of 0 to 70°C/cm for the bottom cooler and 0 to 10°Clcm for the top cooler.
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For the current experiments, the BUF houses a cylindrical Boron Nitride crucible

that contains the A1-Cu sample. The specifications of the Boron Nitride crucible are

shown in Figure 2.2. Nine thermocouples are located within the furnace and crucible to

control the heat ramp up, the constant temperature soak, and the adiabatic quench of the

alloys. Figures 2.2, 2.3, and 2.4 detail the thermocouple locations.

An IBM Compatible PC and HP 3497A data acquisition unit were used to control

heat input to the system as well as record the thermal history of the experiments. The

software incorporated into the PC implemented a proportional-integral control algorithm

for the power supplies and provided a data scan rate of 1 Hz for thermocouple outputs.

The software controlled the top and bottom heating zones only; therefore, of the three

heating zones available only the top and bottom zones were used in these experiments.

Of the nine thermocouples, two different types are used in the experiments. The

three thermocouples that are placed in the sample are a K-type Transition Junction style

thermocouple with a grounded junction while the remaining thermocouples are a K-type

Nextel covered flexible thermocouple with a welded bead, exposed junction. The

specifications of the two K-type thermocouples are presented in Table 1.

Figure 2.1 Illustration of Bulk Undercooling Furnace at the NASA Glenn Research

Center. The Bulk Undercooling Furnace was used to perform the directional

solidification experiments.
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Figure 2.2 Boron Nitride crucible dimension specifications. The schematic above also
shows the location of the holes for the four thermocouples that were attached
to the crucible.
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Figure 2.3 Cross-sectional View of Bulk Undercooling Fumace.

As shown in Figure 2.3, the BUF contains a total of nine thermocouples as follows:

• Three sample thermocouples (No.l-3) with a 1.62 mm diameter boron nitride coated

sheathing; see Fig. 2.4 for longitudinal locations.

• One thermocouple (No.4) located at the bottom interior wall of the crucible

• Three thermocouples (No.5-7) located along the crucible wall adjacent to their

respective sample thermocouples _o. 1-3)

• Two furnace thermocouples (No.8, No.9) located within the insulation that surrounds

the crucible and at the same height location along the ingot as thermocouples No.5
and No.7.
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Figure 2.4 Thermocouple and Boron Nitride cap assembly. All dimensions in
millimeters.
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Table 1. Thermocouple Specifications

Configuration Metal-Sheathed, Molded Nextel Insulated Exposed
Transition Junction Probes Junction

Calibration K Chromega®/Alomega® K Chromega®/Alomega®
(Ni-Cr/Ni-Al) (Ni-Cr/Ni-A1)

probe to 982°CTemperature Range

Insulation/Sheathing

Size

MgO insulation with 304 or 321
stainless steel sheathing

1.5 mm diameter and 450 mm
_th

insulation to 1200°C
thermocouple to rated limits

high temperature Nextel
ceramic

0.813 mm and 600 mm
length

2.3 Experimental Procedures

2.3.1 Preparation of Samples

Before the experiments could be performed several steps were taken to prepare

the alloys. For each experiment, 24.0 cm 3 samples were prepared by heating the

necessary constituents (see Table 2) in a Boron Nitride crucible inside the GBCF.

Properties used to determine the amount of each constituent are shown in Table 3. A

portion of the commercial grade aluminum was first melted in the crucible and the

remaining constituents incrementally added and allowed to dissolve in the liquid

aluminum. The furnace was allowed to reach a set point temperature of 780°C to ensure

adequate superheat for the pure aluminum, which has a liquidus temperature of 660.37°C.

The sample was left to soak for approximately two hours stirring the mixture

repeatedly with a boron nitride coated stirring rod. Sample thermocouples positioned at

the appropriate locations within a boron nitride cap are next inserted into the crucible (see

Figure 2.4) and the crucible is removed from the furnace, the sample then cools and

solidifies. Once cooled the sample is then ready to be transferred to the BUF.

2.3.2 Procedures for Directional Solidification

Throughout each experiment, argon gas is allowed to trickle down into the BUF

to help reduce oxidation of the samples. Samples processed in the BUF are put through

controlled heating, soak, and quench stages with temperature measurements taken every

thirty seconds. Each heating stage consists of a constant heat ramp up of 10°C/min.,

which is followed by a one hour soak at a fixed temperature 50°C above the liquidus

temperature, 685°C for Al-10 wt. pct. Cu and 710°C for Al-1 wt. pct. Cu. The melting

temperature of the alloys and the superheat are shown graphically on the phase diagram

for A1-Cu, Figure 2.5. The quench stage consists of either bottom quenching, which is

achieved though the use of a water (25 mm gauge flow) cooled copper chill plate located

at the bottom surface of the crucible, or top quenching, in which argon gas (30 psi inlet

pressure and 2.5 mm gauge flow) is injected directly onto the top surface of the sample.

The individual stages of the experiment are computer controlled through the use of the
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bottom and top heatercoils, quenching fluids, and sevenof the nine thermocouples
containedwithin the BUF. The end result of the samplesprocessedin the BUF is a
directionallysolidified samplefrom eitherthetopor bottom.

Thecooling ratenearthe endbeingcooled for eachexperimentis givenin Table
4. For experimentscooled from the top, Table 4 gives the cooling rate measuredby
thermocouple1. For experimentscooled from the bottom,Table 4 providesthe cooling
ratemeasuredby thermocouple3. Cooling rateswere takenjust beforeTo was reached.
Thevariationsin cooling rate arebelievedto be dueto the different cooling capabilities
of the two quenchtechniques,variation in cooling fluid flow rate and temperature,and
contactresistances.

Referring back to Figure 2.4, the top (No.l) and bottom (No.3) sample
thermocouplesareusedto control theheatrampup andsoakstageswhile thermocouples
No.5 and No.8, and No.7 and No.9 are used to enforce adiabaticconditions on the
cruciblewall during thequenchstage. The adiabaticboundarycondition is achievedby
minimizing radial thermalgradientsin the quenchstagethrougha proportional-integral
control algorithm that minimizesthe differencein temperaturesbetweenthermocouple's
5 and 8 and betweenthermocouple's7 and 9. The furnacethermocouples8 and 9 are
kept slightly hotter than the wall thermocouples5 and 7 through heataddition to the
system,therebypreventingradial heatloss.

The procedurediscussedwasusedto performnine experimentsin the BUF; the
sampleconcentration,amount of grain refinement, and solidification direction of all
experimentsare summarizedin Table 4. Before the resultsof theseexperimentsare
presentedand discussed,experimentalproceduresare set forth. While it was not
necessaryto completelyanalyzeeach experimentbefore moving onto the next it was
critical to determinethe overall grain structure. By reviewingthe grain structureit was
possibleto determineif the experimentshowedpromisefor beinga critical test of the
numericalmodelbeingdeveloped.

Table2. Propertiesfor Determinin_g Constituents

Volume of Sample 24 cm 3

Density of Solid A1, room temp.

Density of Liquid A1, Tm

Density of Solid Cu, room temp.

Densit of Li uid Cu T

2.6989 g/cm 3

2.38 g/cm 3

8.96 g/cm 3

7.99 _/cm 3
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Table 3. Masses of Constituents

AI-1 wt. pct. Cu ........................................................................Ma..s.s....(g!_ams).............................................................................

Copper 0.652

Aluminum 64.577

Total Mass 65.229

AI-10 weight pct. Cu

Copper 6.964

Aluminum 62.676

Total Mass 69.640

7OO
Superheat of 50oC

¢
!

600

5OO

400
q

q

300 !

0

i

I0 20 30

Figure 2.5 A portion of the AI-Cu alloy phase diagram. The points of intersection
between the liquidus line and the vertical lines at the alloy compositions of
interest are shown schematically above. These points correspond to the point
where solidification begins. The amount of superheat used in the experiments
is also shown.

NAS A/TM---2000-210020 21



Table 4. Summary of Experiments Conducted in the Bulk Undercooling Furnace.

Cooling rate just before To (about 635 and 660 °C) is reached, measured from T1 for top

cooled experiments and T3 when bottom 9uenched.

. Expefimen_L__.A!.!.gzCom_position Refiner Adde.d(T..i_B_) Direction Solidified Cooling Rate

E 1 Al-l0 wt. pct. Cu No Refiner Added Bottom to Top 12.4 °C/min.

E2 AI-10 wt. pct. Cu 0.045 wt. pct. Bottom to Top 16

E3 Al-1 wt. pct. Cu 0.450 wt. pct. Bottom to Top 18

E4 A1-1 wt. pct. Cu No Refiner Added Bottom to Top 19

E5 A1-1 wt. pct. Cu 0.670 wt. pct. Bottom to Top 24

E6 AI-10 wt. pct. Cu 0.045 wt. pct. Top to Bottom 5.3

E7 AI-10 wt. pct. Cu 0.067 wt. pct. Top to Bottom 11.9

E8 A1-1 wt. pct. Cu 0.450 wt. pct. Top to Bottom 12

E9 AI-1 wt._ct. Cu 0.670 wt. pct. To E to Bottom 11.3

CHAPTER 3

GRAIN SIZE AND SEGREGATION MEASUREMENT PROCEDURES

3.1 Introduction

The following section presents sample preparation for grain size and segregation

measurements. Once the samples had been prepared appropriately, the procedures set

out in Section 3.3 and 3.4 were used to measure the grain size and segregation.

3.2 Preparation Procedures

3.2.1 Cutting Procedures

In order to determine the grain size and measure segregation several procedures

needed to be performed on each ingot. After each experiment the ingot was cut for

polishing purposes and some form of etching was performed to bring out the grain

structure.

At the conclusion of each experiment, the solidified samples were removed from

the crucible and cut with a band saw longitudinally down the centerline (see Figure 3.1).

One half of the sample was then cut transversely into four sections, each section being

mounted in metallographic epoxy and polished.
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Figure 3.1 Cut sections of sample, one half is cut into four sections for auto-polishing and

microprobe analysis while the other half is hand polished and used for grain
size measurements.

3.2.2 Polishing Procedures

The four transversely cut sections that were mounted in metallographic epoxy

were submitted to the metallurgy lab at the NASA Glenn Research Center where an

automatic polishing procedure was performed. The uncut half of the sample was large

enough to be hand held for subsequent grinding and polishing. Grinding was performed

in successive steps using silicon carbide abrasive papers of 180, 400, and 600 grit.

Polishing was done in successive steps using diamond-polishing pastes of 6, 3, and 1 lam

on a DAC polishing cloth. A final polish was done with an OP Chem cloth and a slightly
acidic silica solution.

3.2.3 Etching Procedures

An etchant called Modified Keller's Reagent, Equation 3.1, was used to prepare

the uncut half of the ingot for photography.

15 ml HF + 4.5 ml HNO3 + 9.0 ml HC1 + 271.5 ml H20 (3.1)

The etchant was applied to the sample by submerging the sample for 15-30 seconds. A

second etchant, equation 3.2, was then used to help highlight the grain boundaries.

0.5 g NaOH + 1 g KMnO4 + 250 ml distilled water (3.2)
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Betweenetchantsthesampleswerewashedwith waterandalcohol,thenwith phosphoric
acid and distilled water andallowed to air dry. Finally, the sampleswere submersed
threetimesfor 20 to 40secondseachin thesecondetchant.

3.3 Grain Size Measurements

One of the important quantitative measurements is the measurement of the

microstructure grain size. The procedures used for the grain size measurements are

intended for a fully equiaxed microstructure. Non-equiaxed grain structures require

measurements on three principal planes i.e., the longitudinal, planar, and traverse planes.

Due to the additional information required, it would be beyond the scope of this study to

determine the grain size for those experiments having a non-equiaxed microstructure.

Samples that were not equiaxed were not analyzed further.

The grain size was determined using the procedures outlined in ASTM E112 for

measurement of equiaxed grains by the intercept method. The intercept method consists

of a template of three concentric circles with a total line length of 500 mm. The template

is placed over the grain structure without bias, and the number of intercepts, Ni, is

counted. For each experiment, an appropriate magnification factor was selected which

would give an adequate number of intercepts on the resulting 4" x 5" photograph, see

Figure 3.2 for an example. Photographs were taken traversing along the centerline of the

sample to cover the sample from bottom to top. The template was then successively

applied to five blindly selected positions per photograph, separately recording the count

of intercepts for each. Using the values recorded a mean intercept count was calculated
for each section.

With the mean of the intercepts for each photograph useful quantities pertaining

to grain size were calculated. On the scale that the measurements were taken a single

phase microstructure assumption was used because the amount of the second phase

(eutectic) was minimal compared to the primary phase. Important quantities were derived

from the lineal density of the grains, N L . The equation for the lineal density is shown in

equation 3.3 and consists of the number of intercepts counted per field, the magnification

factor, and the total test line length. Desired quatities were caluated according to

Equations 3.4-3.10. Equation 3.4 is the mean lineal intercept length, g , which is the

inverse of the lineal density. Equation 3.5 is the number of grains per unit area calculated

as a function of the lineal density. Equation 3.6 is the mean grain cross sectional area, A.

Equation 3.7 is the number of grains per unit volume calculated as a function of the lineal

density. Equation 3.8 is the mean grain volume, V. Equation 3.9 is the mean spatial

(volumetric) grain diameter, D. Finally, Equation 3.10 is the grain boundary surface area

per unit volume, S v .

-- _ N; (intercepts)
NL-L_ k. mm

(3.3)
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= _ mm

NL intercept

NA = 0.735N L mm- ) (3.5)

_=1 (mm-" ] (3.6)

Na _ grain )

-- --3 (grains)Nv = 0.422N L [, mm 3 (3.7)

_ 1 (mm 3 ]
= U_, _ ) (3.8)

= 1.571. ( (mm) (3.9)

The preceding equations were taken from DeHoff and Rhines (1968). The constants

shown in equations 3.5, 3.7, and 3.9 are based on an assumed geometric shape for the

grains and relate the number of intercepts to the number of grains. It is assumed that the

actual grain shape approximates closely to the shape of a truncated octahedron or

tetrakaidecahedron. The reasoning for the geometric model and the statistical basis for

the selection of the constants is discussed by DeHoff and Rhines. The geometric model is

based on surface-tension considerations, supported by excellent agreement between

theory and observation.

3.4 Se_egation Measurements

Another important quantitative measurement is the degree of the segregation in

the sample. Segregation is caused by the incorporation or rejection of a constituent

during solidification resulting in concentration gradients in the sample. Segregation

occurs on the microscopic scale, but can result in segregation on a macroscopic scale due

to movement of grains or interdendritic liquid from thermal and solutal gradients in the

melt. The top cooled experiments performed are the most susceptible to

macrosegregation due to the thermal instability introduced from cooling above. Based on

this and economic reasons, the concentration profiles in only two top cooled experiments

were measured.
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Two setsof metallurgicalsamplesweresentfor microprobeanalysisat theNASA
GlennResearchCenter.Eachsetconsistedof four samplescut from a single
solidificationbar. Foursectionsfrom experimentE8, A1-1wt. pct.Cu alloyrefinedwith
0.45wt. pct.TiB2,andfour sectionsfrom experimentE6,AI-10 wt. pct.Cualloy refined
with 0.045wt. pct.TiB2,wereanalyzed.Bothexperimentswerecooledfrom thetop to
thebottomandwereselectedasthesamplesthatshowedthemostpromisefor
segregationon amacroscopicscalefor eachalloycomposition.

Figure3.2 Schematicillustrating thetestingprocedureusedto determinethegrainsize.
Thenumberof grainsarecountedthat interceptthethreeconcentriccircles.

The microprobeanalysiswasperformedby Jim Smith at NASA Lewis
ResearchCenter using wavelengthdispersiveX-ray spectroscopyon a ARL SEMQ
electronmicroprobe.Theproceduresthatheemployedaretakendirectly from his report
andarerepeatedhereinfor completeness.

Final preparation(polishing)of the sampleshad beendoneseveral
monthsprior to submissionto perform microsegregationmeasurements;
therefore,thesampleswerere-polished,lightly coatedwith evaporatedcarbon
(approximately100angstroms)andplacedin a dessicatoruntil the individual
sampleswereexaminedin the electronmicroprobe.A lineartraverseof 20
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micron steps down the middle of the section, would give the most reproducible
results. The average traverse distance along each sample is 22mm (22,000
microns) which works out to approximately 1100-1200 points per sample. Even

though stage and analysis modes are automated on the probe, the average time
for a two element run using the accepted method of off-peak correction is about

fifty seconds which means it would take sixteen and a half hours to complete
one run, not counting approximately three to four hours to set up and stabilize the
probe, key in the X,Y, Z coordinates, standardize, etc.

Numerous unsuccessful attempts were made to perform the analyses in
the preferred manner of using off-peak correction and eventually it became clear
that uncorrectable drift in one form or another would creep into the equation over

time and non-reproducible data would result. Temperature changes in the room,
standardization drift, and even barometric pressure changes due to cold fronts
(affects the gas pressure regulators) are just some of the culprits. It soon became
apparent that in order to obtain some consistency, the analysis time had to be
shortened considerably.

There are two common methods for performing a background correction

on WDS X-ray fluorescence data. The method most frequently employed is the
off-peak background correction method. Counts are not only measured on the
peak but on assigned background locations on either side of the peak and these
values are used in the ZAF corrections. This is the primary technique used at

NASA since they are involved with high atomic number samples and/or trace
concentrations, frequently with peak and background interference's. However,
they also have to use the another technique called the MAN (Mean Atomic
Number) background correction.. This latter method is based on the fact that
most of the background production in a sample is directly proportional to the
average atomic number of the sample. If the average atomic number of the
sample is low (for example, silicates) and the peak to background ratio is high,
then the MAN background correction method works quite well for quantitative
analyses down to the minor element concentrations, since the total background is
often less than one standard deviation of the x-ray signal. Basically what this

means is that once the system is calibrated the off peak measurements are not
necessary cutting the analysis time in half.

These samples seemed ideally suited for the MAN technique because
there were no interfering x-ray lines for copper and aluminum and the average z-
bar was low (~ 14.3). The advantage of the MAN method is that it requires only a

simple calibration of the analyzing channel over a range of atomic number that
includes the atomic number range of the standards and/or samples. If many

samples are to be measured for their major and even minor element
concentrations, then substantial time may be saved using the MAN method. The
MAN background correction is an empirical calibration curve correction for
background, The technique is based on the fact that background is essentially a
function of the average atomic number of the sample often referred to as the Z-
bar. The probe program uses an iterated linear or polynomial fit of up to 10
background measurements to provide quantitative correction over a wide range
of sample atomic numbers. The following MAN standards and Z-bars were used
for the calibration curve: SiC (11.6), Si (14), Ti (22), Fe (26), Co (27), Ni (28),
and Zn (30). This covers the entire range form pure aluminum (13) through
copper (29).
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CHAPTER 4

TEMPERATURE MEASUREMENT RESULTS AND DISCUSSION

4.1 Introduction

Chapter 3 concluded the presentation of the procedures used for analysis of the

samples. Before presenting the grain size and segregation results, the thermal results of

the experiments conducted in the Bulk Undercooling Furnace are presented. These

results include temperature profiles and applicable boundary conditions. Nine

experiments were performed using the experimental procedures set forth in Chapter 2. A

summary of the experiments performed is presented in Table 4.

Regardless of the details of any effort to model these experiments, it is expected

that temperature data will be used as input boundary conditions and that these data will

need to be in numerical form, as in a table. Thus the temperature data for all experiments

is provided in Appendix C.

4.2 Results and Discussion

Two figures for each experiment illustrate the thermal results. The first figure is a

plot of the thermal history of the experiment. This consists of the temperature readings

recorded by the thermocouples located in the sample along with the thermocouple located

at the base of the crucible. The diagram in the upper fight corner of the plot shows the

location of the thermocouples on a longitudinal cross-section view of the crucible. The

second figure illustrates the adiabatic boundary condition that was enforced on the side

walls of the crucible by plotting the thermocouple readings of the adjacent thermocouples

in and near the crucible wall. Again, the diagram in the upper right corner of the plot

shows the location of the thermocouples on a longitudinal cross-section view of the

crucible. As shown in the plots, near adiabatic side wall conditions were achieved in all

of the experiments performed. Actually a zero or a slightly positive gradient was present

at the side wall to prevent radial heat loss. Only one experiment showed a radial loss and

that was experiment E4, Figure 4.8, which shows the bottom outside thermocouple at a

lower temperature than wall thermocouple. This one case of radial heat loss could be

attributed to thermocouple error. Another anomaly that should be noted can be seen in

Figure 4.5. The temperature profile for thermocouple No. 4 shows a rise in temperature

of about 50°C over about a minute time period. The sudden jump is not likely explained

by recalescence due to the temperature at which it takes place, but most likely is

attributed to an error such as a laps in the water flow to the bottom chill. Two other key

points should be made about the temperature profiles. First of all, the thermal plateaus

during the experiments, refer to Figure 4.2 for an example, show evidence of equiaxed

growth at the solidification temperature of the alloy. These thermal arrests take place

because the amount of heat that is released by the solidifying grains approximately equals

the heat loss in the system. Second, the cooling rates differ between experiments with

large differences in cooling rates between the top and bottom cooled experiments. The

bottom cooled experiments cool much faster than the top cooled, mainly due to the use of

the water cooled copper chill at the bottom compared to the argon gas flow used during
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the top cooledexperiments.Thesedifferent cooling rateswhile making it a little more
difficult to compareexperimentshave no negativeeffect on providing data for the
numericalsimulations

4.3 Error in Temperature Measurements

An error analysis was carried out in order to quantify the error in the resulting

temperate profiles.

4.3.1 Error in Thermocouple Readings

Error associated with the temperature reading from the therrnocouples is _ 5°C.

This is based on our observations of the average temperature value that the

thermocouples reported during the one hour soak stage of each experiment, from

examining the cooling curves, and the published ANSI code of therrnocouple error for

type K. The soak stage, an extended measurement time at a fixed set point, gave insight

to both the amount of bias and precision error associated with the thermocouples.

Looking at the cooling curve from the thermocouple closest to the chill, a change in slope

is seen when solidification begins due to latent heat being released into the system as a

result of the phase change. The point at which the change in slope occurs for this

therrnocouple should correspond to the solidification temperature of the initial alloy

composition, To. The result using To proved to be a little more difficult to determine due

to the resolution of the data, but nonetheless agreed well with the expected solidification

temperature.

4.3.2 Error in Thermocouple Positions

Although precautions were taken in the positioning of the thermocouples in the

melt, an error associated with these positions should still be acknowledged. As discussed

in the experimental procedures, the thermocouples were inserted through the holes in the

Boron Nitride crucible cap and were set to a predetermined height using calipers.

The error associated with these positions arises from the handling of the

thermocouples during the insertion of the cap and thermocouple assembly into crucible.

Recall that the cap/thermocouple assembly was placed into the crucible after the

necessary constituents were melted in the Glove Box Casting Facility. Once cooled (air

quench) the setup is transferred to the Bulk Undercooling Furnace for remelting and

controlled cooling. Prior to remelting the sample, the thermocouples were slightly bent at

the top of the crucible cap to try to prevent the thermocouples from sliding under their

own weight into the melt. This means that there were two possible times for movement

of the thermocouples from there original set position, hence an estimated error of + 2 mm

is associated with their positions.
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Figure 4.1 Thermocouple readings for experiment E 1, bottom cooled A1-10 wt. pct. Cu.
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Figure 4.2 Illustration of adiabatic conditions for the radial direction of experiment E 1,

bottom cooled A1-10 wt. pct. Cu.
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Figure 4.3 Thermocouple readings for experiment E2, bottom cooled A1-10 wt. pct. Cu

with 0.045 wt. pct. TiB2.
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Figure 4.4 Illustration of adiabatic conditions for the radial direction of experiment E2,

bottom cooled AI-10 wt. pct. Cu with 0.045 wt. pct. TiB2.
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bottom cooled A1-1 wt. pct. Cu with 0.45 wt. pct. TiB2.
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Figure 4.9 Thermocouple readings for experiment E5, bottom cooled A1-1 wt. pct. Cu

with 0.67 wt. pct. TiB2.
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Figure 4.12 Illustration of adiabatic conditions for the radial direction of experiment E6,

top cooled AI-10 wt. pct. Cu with 0.045 wt. pct. TiBz.
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Figure 4.14 Illustration of adiabatic conditions for the radial direction of experiment E7,
top cooled AI-10 wt. pct. Cu with 0.067 wt. pct. TiB2.
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Figure 4.15 Thermocouple readings for experiment E8, top cooled A1-1 wt. pct. Cu with
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Figure 4.16 Illustration of adiabatic conditions for the radial direction of experiment E8,

top cooled A1-1 wt. pct. Cu with 0.45 wt. pct. TiB2.
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CHAPTER 5

GRAIN SIZE MEASUREMENT RESULTS AND DISCUSSION

5.1 Introduction

The following chapter presents the results of the grain size measurements. The

results were obtained by following the procedures outlined in Chapter 3 Section 2.

Illustrations of the overall grain structure are presented for each experiment followed by

plots of the grain size measurements for experiments which exhibited an equiaxed grain

structure. For each grain size variable calculated, the results are presented in groups

according to the initial copper content of the alloy (10 wt. pct. and 1 wt. pct.). This was

done to illustrate the effects of the different cooling directions and amounts of grain
refiner added.

5.2 Results and Discussion

The first set of figures presented are longitudinally cut views of the ingots for

each experiment showing the overall grain size distribution. Figure 5.1 is a photograph

taken of experiment El, bottom cooled Al-10 wt pct. Cu alloy. No grain refiner was used

in experiment El. The resulting grain structure consists of large equiaxed grains with

elongated grains in the middle of the ingot. Experiment E2, Figure 5.2, consisting of Al-

l0 wt. pct. Cu refined with 0.045 wt. pct. TiB2 and cooled from the bottom to top,

exhibited fine equiaxed grains with some larger grains near the top and bottom.

Experiment E3, Figure 5.3, consisting of AI-1 wt. pct. Cu refined with 0.45 wt. pct. TiB2

and cooled from the bottom to top was fully columnar containing less than twenty grains.

No further analysis was done on this experiment. Experiment E4, consisting of AI° 1 wt.

pct. Cu cooled from the bottom to top with no grain refiner added also exhibited a fully

columnar grain structure as expected based on the results of experiment E3. No picture

of the grain structure was taken for this experiment. Experiment E5, Figure 5.4,

consisting of AI-1 wt. pct. Cu refined with 0.67 wt. pct. TiB2 and cooled from the bottom

to top showed a mixed columnar and equiaxed grain structure. Experiment E6, Figure

5.5, consisting of A1-10 wt. pct. Cu refined with 0.045 wt. pct. TiB2 and cooled from the

top to the bottom contained equiaxed grains that were approximately twice the size at the

top compared to the bottom. Experiment E7, Figure 5.6, consisting of AI-10 wt. pct. Cu

refined with 0.067 wt. pct. TiB2 and cooled from the top to the bottom contained fine

equiaxed grains with some variations in grain size. Experiment ES, Figure 5.7, consisting

of AI°I wt. pct. Cu refined with 0.45 wt. pct. TiBz and cooled from the top to the bottom

exhibited a large grain size which was uniform throughout the ingot. Experiment E9,

Figure 5.8, consisting of AI-1 wt. pct. Cu refined with 0.670 wt. pct. TiB2 and cooled

from the top to the bottom contained coarse equiaxed grains with some grain size
variation.

Of the nine experiments performed, five experiments exhibited an equiaxed grain

structure as desired. For these five experiments, grain size measurements are presented.

The AI-10 wt. pct. Cu alloy top cooled experiments are presented first followed by the
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bottom cooledexperiment. Thetop andbottomcooledexperimentswere not presented
togetherdue to the much largergrainspresentin the top cooledexperimentcompared
with thebottomcooledexperiment.Figure5.9 showsthe lineal densityof the grainsfor
the top cooledAl-10 wt. pct. Cu alloys. The measured quantity, lineal density, is the

number of intercepts of grains per unit length. Figures 5.10-5.13 show the average

number of grains per area, average number of grains per volume, the volumetric grain

diameter, and the grain surface to volume ratio for the top cooled A1- l0 wt. pct. Cu

alloys, respectively. All of these values are derived from the lineal density measurement.

Figures 5.14 through 5.18 report the same quantities but for the bottom cooled Al-10 wt.

pct. Cu alloy. Figures 5.19 through 5.23 present the grain size results for the refined, top

cooled A1-1 wt. pct. Cu alloys (E8 and E9).

In comparing the top and bottom cooled experiments for the AI-10 wt. pct. Cu

alloy it can be seen that the grain size in the top cooled experiments (E6 and E7) are

approximately three times larger than as those of the bottom cooled experiment (E2).

This grain size difference between the Al-10wt. pct. Cu ingots cooled from the top and

bottom is an important result and is a trend that a competent solidification simulation

should reproduce. This large difference in grain size - about 0.7 mm in E2 versus about

2.1mm in E6 and E7 - is not due to differences in cooling rate. Though cooling rate is an

important consideration, as Rhines et al., 1983, has shown that a decrease in grain size is

expected as freezing rate is increased. Under our conditions, in the presence of the grain

refiner - E6 and E7 show the grain size to be largely insensitive to cooling rate (E6

cooling rate was 5.3 K/min., E7 cooling rate was 12 K/min.). The 125% increase in

cooling plus the additional TiB2 grain refiner used in E7 resulted in a grain size decline of

only about 32%, compared to E6. The cooling rate in E2 was only about 35% more than

the rate of cooling in E7, yet the E2 average grain diameter (about 0.75mm) is 60% less

than in E7 (which had a grain size of about 1.9mm). We believe the difference in grain

size between E2 and E7 to be primarily due to grain annihilation that takes place in the

top cooled experiments. Due to the alloy composition (AI-10wt. pct. Cu) in E2 and E7 the

Al grains which form are nearly neutrally buoyant, thus on their own they neither sink or

float. But these grains should be easily carded with any convective flow. In E2 cooling is

from the bottom and Cu is rejected into the liquid thus there is little convective flow since

the system is (longitudinally) both thermally and solutally stable. In E2 the grain refiner

induces lots of nucleation and these nucleated grains, for the most part, do not move and

do create an equiaxed structure. In E7 on the other hand, cooling is from the top, thus the

system is thermally and solutally unstable; thus lots of flow is expected and many of the

grains which nucleated in the upper, cooler regions of the ingot, can be expected to be

carried to warmer regions in lower portions of the ingot where some remelt. This process

of equiaxed grain transport and subsequent annihilation is responsible for the large grain

size in E7 compared to E2. It is expected that any attempt to completely simulate the

solidification processes taking place in E7 wilt require inclusion of equiaxed grain

transport via settling and advection.

Both the top and bottom cooled experiments depict a variation in grain size

showing evidence of different nucleation rates during the experiment which can be
attributed to solid movement and thermosolutal convection. For instance, the top cooled

AI-10 wt. pct. Cu alloy with 0.045 wt. pct. TiB2 shows a trend of large equiaxed grains at
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thetop transitioningto finer grainsin the middleandbottom. For this experimentat the
startof solidification, thethermalandsolutalgradientsareunstableleadingto convection
in the melt. The convectioncausedby theseinstabilities transportsnucleatedgrains into
the hot liquid where they melt. As a deepmushy zonedevelopsthe amount of grain
transportandgrain destructiondecreases.Sincemorenucleatedgrainsarenow present
andin competitionwith eachotherin themushyzonethe resultinggrain sizedecreases.
As the samplesolidifies, the local cooling rate at the leadingedgeof the mushyzone
decreasesdue to the distancefrom the chill. The lower freezingrate and possibly the
exhaustionof activerefinerresultsin theslightly largergrainsat thebottomof the ingot.
Experiment7, the top cooledAI-10 wt. pct. Cu with 0.067 wt. pct., used more grain
refiner anda highercooling rate(comparedto E6).The increasedgrainrefiner provided
morenucleating sitesfor grainswhich resultedin smallergrainsthroughoutmostof the
ingot comparedto the0.045TiB2 experiment,E6. The bottomcooledAI-10 wt. pct. Cu
with 0.045 wt. pct. TiB2 experiment,E2, showed the sametrend as the top cooled
experimentof the samealloy composition,E6, but not for thesamereasons.Thebottom
cooledexperimentwasboth thermallyandsolutally stablethereforetheconvectionin the
melt would not be that substantial.Thegeneraltrend from small equiaxedgrainsat the
bottom to largerequiaxedgrainsat the top is attributedto the lower cooling rate asthe
experimentproceeded. The few largerequiaxedgrainsthat appearnearthe bottomof
the ingot can not be easilyexplainedand could be a topic of further investigation. It
should be kept in mind that theseexperimentsare not ideal and that , for example,
convectioncausedby radial temperaturegradientsmay causesomegrain transportand
destructionin theearly stagesof E2. The temperaturemeasurementswe provide for use
as input boundaryconditions may not be exhaustiveenoughfor suchnuancesto be
simulated.

For the Al-l wt. pct. Cu alloy none of the bottom cooledexperimentshad a
sufficiently equiaxedgrainstructurefor further analysis.Thetop cooledA1-lwt. pct.Cu
experimentdid however,result in anequiaxedstructure;Figures5.19through5.23 show
thegrain sizequantitiesfor the top cooledA1-1wt. pct. Cu alloys. Comparisonof the
bottomversustop cooledAI-I wt. pct.Cuexperiments,E3 and5 versusE8 andE9, may
have utility in the examinationof numerical codes.The transition from columnar to
equiaxed growth was related by Tiller, 1965, to the volume of the constitutionally
undercooled zone "X" ahead of the columnar front, "ATmax" the maximum

undercooling, and "G" - the temperature gradient. The nucleation rate is higher, and thus

the onset of equiaxed growth more likely, with increasing X, and ATm,_, and decreasing

G. For the bottom cooled Al-lwt. pct. Cu alloys, G was relatively high due to the higher

cooling rates in these bottom quenched experiments, and both X and ATmax were

relatively low due to the low alloy content and high G. All these work against the onset of

equiaxed growth thus E3 and E5 resulted in columnar structures. The grain refiner was

largely not effective at the lower AI- 1wt. pct. Cu concentration, perhaps due to interfacial

energy differences between the 1 and 10wt. pct. alloys.

The question now arises, why did the top cooled Al-lwt. pct. Cu experiments (E8

and E9) result in equiaxed structures. The lower cooling rate in E8 and E9 contributed to

the production of their equiaxed structure since the resulting lower thermal gradients

present enabled higher AT_x and X levels. Convection is also stronger in the top cooled
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experiments(comparedto bottomcooling); this convectionshouldexacerbatethesettling
and advectionof nucleatedequiaxedgrainsaswell asthe productionof additionalfree
grainsresulting from fragmenteddendrites(Jackson,1966; Paradies,1993). It is still
expectedthatgrain annihilationtakesplacewhenprimary grainsfrom thecooler top are
transported to the hotter lower ingot regions. However, the convection and the
concomitantproductionandtransportof grainsandgrainfragmentsmaycontributeto the
disruption of columnargrowth and the resultingequiaxedstructure.TheseAl-lwt. pct.
Cu experiments(E3, E4, E5, E8, and E9) may have utility in the examination and
developmentof a numericalcodewhich includespredictionof thecolumnarto equiaxed
transition,freegrainsettlingandadvection,andnucleationdueto dendritefragmentation.

The top cooledAl-l wt. pct. Cu alloy with 0.67 wt. pct. TiB2 exhibited slightly
larger grainsthan the top cooledAI-1 wt. pct. Cu with 0,45 wt. pct. TiB2. This is not
expectedbasedon the normal trend that the more the grain refiner the finer the grains;
however,this is only with otherfactorsbeingequal, In E8 theinitial cooling ratewas 12
K/min., in E9 it was 11.3K/minutes.The AI-1 wt. pct. Cu alloy with 0.67 wt. pct.TiB2
took approximately19min. to solidify while E8 solidified in about 17 minutes. The
lowercooling ratefor E9 resultedin thedevelopmentof therelatively largergrains.

In additionto the otherobservations,in comparingthe top cooledexperimentsof
the two alloy compositions,it canbe seenthat the 1 wt. pct. Cu alloy resultedin grains
that were approximately2.5 times larger than thoseof the 10 wt. pct. Cu alloy. Since
strongnaturalconvectionandcompletemixing areexpected,this grain sizedifferenceis
not believedto be due to any differencein grain remelting causedby the settling or
advectionof freesolid in thesetop cooledexperiments.Thegrainsizedifferenceis likely
to bedueto thedifferentnucleationratesachievedby thegrain refiner in the differentA1
compositions.Since the refined Al-10wt. pct. Cu, bottom cooled ingot, E2, was fully
equiaxedandtheA1-lwt. pct. Cu,bottomcooledingots E3 andE5 were fully columnar,
it canbeconcludedthatthe grainrefinerin theAI-I wt. pct. Cu alloyswasnoteffective.
Thus grain sizedifferencesbetweenthe Al-lwt. pct. Cu and 10wt.pct. Cu, top cooled
experiments(E6 andE7 versusE8 andE9) arebelievedto be due to the different grain
refinementcharacteristicsof the alloys. This basic dependenceof equiaxedgrowth on
alloy content is detailedin work dueto Plaskettand Winegard, 1950,who showedthat
nucleationoccursaheadof anadvancinginterfacewhen thetemperaturegradientdivided
by thesquareroot of solidificationrateis lessthana valuethat is roughly proportionalto
solutecontent.Thusin general,at a lower solutecontent- lessnucleationis expected.

5.3 Uncertainty Analysis

5.3.1 Error in Measured Quantities

A statistical analysis was performed to determine the precision with which the

observed size may, with normal confidence, be considered to represent the actual grain

size of the specimen examined. Normal confidence implies the expectation that the

actual error will be within the stated uncertainty 95% of the time. As stated in Chapter 3,

the template to measure the number of grain intercepts was randomly applied to the test
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region five successivetimes. From the countobtainedduring eachapplication,a mean
andstandarddeviationwerecalculatedaccordingto equations5.1and5.2:

y_,x, (5.1)
I1

i

where X i represents an individual value, X

measured, and s is the standard deviation.

calculated from equation 5.3:

I'S

95%CI =-_-n

(5.2)

is the mean, n is the number of fields

A 95% confidence interval was then

(5.3)

where t is a multiplier determined from the number of fields measured.

With n equal to five the t multiplier was determined to be 2.776 from a table of

95% confidence interval multipliers in ASTM standard E 112. Finally, a percent relative

accuracy, %RA, was calculated according to equation 5.4.

95%CI (5.4)%RA = -- .100
X

It is recommended from the ASTM standard that a value of 10 %RA (or lower) be

obtained to ensure an acceptable level of precision. This condition was met for all
measured fields.

5.3.2 Error in Derived Quantities

Since all of the remaining quantities were a function of the number of intercepts

counted, the uncertainties for these quantities were found in the same manner as

discussed in section 5.3.1. The desired formula was applied to each of the five recorded

values for the number of intercepts then a mean and standard deviation was calculated.
From the mean and standard deviation the 95% CI and %RA were calculated as

previously discussed.
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Figure 5.1 Cross-sectional view showing the grain structure of ingot from experiment
El, bottom cooled, 12.4 K/rain. initial cooling, Al-10 wt. pct. Cu alloy.
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Figure5.2Cross-sectionalview showingthegrainstructureof ingot from experimentE2,
bottomcooled,16K/min. initial cooling,AI-10 wt. pct.Cualloy with 0.045
wt. pct.TiB2.
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Figure5.3Cross-sectionalview showingthegrain structureof ingotfrom experimentE3,
bottomcooled,18.5K/min. initial cooling,A1-1wt. pct.Cuwith 0.45wt. pct.
TiB2.
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Figure 5.4 Cross-sectional view showing the grain structure of ingot from experiment E5,
bottom cooled, 24 K/min. initial cooling, Al-l wt. pct. Cu with 0.67 wt. pct.
TiB2.
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Figure 5.5 Cross-sectional view showing the grain structure of ingot from experiment E6,

top cooled, 5.3 K/rain. initial cooling, Al-10 wt. pct. Cu with 0.045 wt. pct.

TiB2.
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Figure 5.6 Cross-sectional view showing the grain structure of ingot from experiment E7,

top cooled, 11.9 K/min. initial cooling, AI-10 wt. pct. Cu with 0.067 wt. pct.

TiB2.
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Figure5.7Cross-sectionalview showingthegrainstructureof ingot from experimentE8,
top cooled,12K/min. initial cooling,AI-1 wt. pct. Cuwith 0.45wt. pct.TiB2.
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Figure 5.8 Cross-sectional view showing the grain structure of ingot from experiment E9,
top cooled, 11.3 K/min. initial cooling, A1- i wt. pct. Cu with 0.67 wt. pct.
TiB2.
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CHAPTER 6

SEGREGATION MEASUREMENT RESULTS AND DISCUSSION

6.1 Introduction

This chapter discusses the findings of the segregation measurements on ingots E6

and E8 that were performed by Jim Smith at NASA Lewis Research Center. For an

overview of the procedures used, refer to Chapter 3 Section 3. The segregation results

provide a clear trend that may assist in the development and verification of numerical

codes. A genuine simulation of Experiments 6 and 8 would also be of value in

determining the segregation mechanisms active in these experiments.

6.2 Results and Discussion

It should be noted that the intent of the segregation measurements are to

determine segregation on a macroscopic scale (compared to the size of the ingot). This

presented some difficulty in performing the segregation measurements since the probe

used took readings approximately every 20 microns. On the microscopic scale the

samples can all be characterized as very inhomogeneous, two and three phase alloys.

Figure 6.1 is a low magnification optical micrograph taken of experiment E6, AI-10 wt.

pct. Cu alloy refined with 0.45 wt. pct. TiB2 and illustrates a two-phase eutectic

microstructure. At higher magnification, (Figure 6.2) the boundary phase is also

observed to exhibit a binary structure. The bright phase has a composition of

approximately A150-Cu50 in the 10 wt. pct. Cu alloy. The darker phase in the two-phase

boundary is the same composition as the grain, approximately A198-Cu2. Figure 6.3

shows a 1000x magnification of the grain boundary.

The chemical inhomogeneities on this scale caused complications in so much as

the matrix corrections applied to the measured x-rays are different to the matrix

corrections necessary for the individual phases, causing the chemistry and final totals to

be in error. These effects were minimized through the selection of a small probe size, 5

microns. The preliminary tests for the Mean Atomic Number (MAN) analyses were

consistent with earlier off-peak corrected analyses performed under stable conditions.

The analysis time of each sample traverse was shortened from 16.5 hours for the off-peak
correction method to about 6.5 hours for the MAN method. The traverse for each

sample began at a point approximately 4 mm from the top of the section and proceeded to

the base in increments of 20 microns per point. The traverse for each sample was divided

into two parts, traverse al and traverse a2. Traverse al began at the upper portion of

each sample and ended in the approximate center of the section. Traverse a2 began at a

point 20 microns from the approximate center and ended at the base of the sample. This

was done to recalibrate the Z coordinate direction of the stage (focus) in the approximate

center of the sample. In samples of size 2.0 x 2.5 cm there are subtle changes in the

height along the section due to rounding of the sample during polishing. The middle of

the sample is slightly higher than the edges which adversely affects the measurements.

Since the objective of the microprobe measurements is to determine the

segregation on a macroscopic scale, the data obtained from Smith's analysis was mapped
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to the entireuncutingot. To do this the resultsof thefour samples(8 traversesin total)
were combinedinto one database. Starting from the bottom edgeof the sample,the
traverseswere convertedinto global coordinatesby taking into account the sections

overall position from the bottom and the amount of material that was removed during

cutting. The distance that was skipped at the top of each section (4mm) during the

microprobe analysis was also taken into account. The resulting composite is shown in

Figure 6.4 for the AI-10 wt. pct. Cu alloy, E6 and Figure 6.5 for the AI-I wt. pct. Cu

alloy, E8. These figures show every measurement taken starting from the bottom of the

ingot. The empty spaces illustrate where material was removed during cutting. To

clearly see segregation on a macroscopic scale, averaging was used across partitions of

the ingot and the results were reported as one value for each partition. The averaging was

done for 8, 16, 32, and 64 partitions. The partitions were determined by dividing the

regions measured into an equal number. The regions which did not contain data were

excluded in the averaging. Figures 6.6-6.9 show the results of the averaging for the Al-

l0 wt. pct. Cu alloy. Figures 6.10-6.13 show the results of the averaging for the Al-I wt.

pct. Cu alloy.

The results for the AI-10 wt. pct. Cu alloy cooled directionally downward,

depicted in Figures 6.6-6.9 clearly show a progression from negative segregation at the

top (solute poor) to a positive segregation (solute rich) at the bottom or end of

solidification. This trend can be explained by taking a closer look at the density of the

solid and liquid phases. As discussed in Chapter 2, the AI-10 wt. pct. Cu alloy was

selected due to the neutral buoyancy of the grains compared to the bulk liquid at the start

of solidification. Thus some of the primary grains are expected to remain in there initial

positions, with some others being advected to lower portions of the ingot. During

solidification solute is rejected causing the interdendritic liquid to become more rich in

copper. Copper has approximately three times the density of aluminum and thus the

interdendritic liquid tends to sink, being replaced by bulk liquid of a lower density.

Between there two competing transport mechanisms, I) transport of solute poor solid,

and 2) sinking of solute rich liquid, it appears from the segregation data that settling of

Cu rich liquid dominates in E6. As solidification proceeds the copper content of the bulk

liquid would continue to increase resulting in more solute at the bottom of the ingot. The

compositional differences act in conjunction with the inverted temperature field in the

ingot resulting in thermosolutal convection, a major contributor to the occurrence of

segregation on the macroscopic scale. Furthermore, Figure 6.4 shows a higher

concentration of eutectic at the bottom of the ingot, illustrated by the higher concentration

of data points at the eutectic composition (33.3 wt. pct. Cu). This non-uniform eutectic

distribution is also an indication of positive segregation at the bottom of the ingot since

more copper would need to be present for the additional formation of eutectic.

Figures 6.10-6.13, illustrating the AI-I wt. pct. Cu Alloy cooled directionally

downward, show a very flat segregation profile. Looking at the start of solidification,

grains form which tend to sink because the solid density of the aluminum dendrite is

higher than that of the bulk liquid due to the bulk liquid's low copper content and

solidification shrinkage. The relatively higher copper concentration that is in the

interdendritic liquid causes the interdendritic liquid to sink as well. With solute poor
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dendrites moving downward, and solute rich liquid moving downward concurrently, their

effects on segregation tend to cancel each other out.

The grand average of the segregation measurements is shown in Table 5 below

along with the nominal composition of the alloys. Since the values are within an

acceptable range, both are less than 10% different from nominal, the segregation data

taken represents the sample well. The nominal and grand average totals do differ though

because the measurements were only taken on the centerline of the ingot not taking into

account the true three-dimensional macrosegregation pattern.

Table 5. For experiments E6 and E8, average of all composition measurements, percent

difference from the initial composition (Co), and composition at longitudinal

locations from the bottom from averaging the original data into 32 partitions.

Experiment number

Grand Average

% Difference from Co

E6 E8

9.18 0.924

8.2 7.6

mm wt. pct. Cu mm wt. pct. Cu

96.11471 5.780422 98.47328 0.84356

93.48432 8.270404 95.76858 0.79752

90.87391 6.243174 93.06389 1.14243

88.25341 5.420585 90.35919 1.00288

85.6318 7.31606 87.69566 1.08715

83.00736 6.811044 85.08311 0.82987

80.3828 5.935465 82.48056 0.70957

77.75823 9.374065 79.87802 0.95491

70.93458 6.803506 72.27484 0.99707

68.47174 7.517873 69.64106 1.02655

66.00891 6.776104 67.01730 0.93245

63.55608 6.779968 64.39354 0.84531

61.10371 7.883594 61.75164 0.82521

58.65207 10.42025 59.10146 0.70837

56.20044 7.350051 56.46130 0.80263

53.74883 7.104513 53.82113 1.28219

46.91796 8.725023 46.14082 0.99614

44.26794 7.134746 43.38045 0.93242

41.62798 8.249467 40.62008 1.00481

38.98798 8.273994 37.86932 0.87927

36.34568 8.439878 35.10907 0.71635

33.70089 9.896277 32.32913 0.88638

31.0561 9.711535 29.54917 1.02829

28.4113 12,02457 26.76918 0.82971

21.38882 8.464236 19.07673 1.00552

18.54864 15.35453 16.44175 0.87581

15.70841 12.92813 13.81678 0.94212

12.86821 11.86752 11.19184 0.87590

10.02589 11.90768 8.64835 0.85152

7.181371 12.18351 6.16451 0.84691

4.336853 16.32267 3.68355 1.24286

1.420682 I3.3024 1.23115 0.86347

NASA/TM---2000-210020 62



Figure 6.1 Sample optical micrograph, 16x magnification, of experiment E6, top cooled
AI-10 wt. pct. Cu alloy refined with 0.045 wc pct. TiB2.
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Figure6.2 Sampleoptical micrograph,500xmagnification,of experimentE6, top
cooledAl-10 wt. pct.Cualloy refinedwith 0.045wt. pct.TiB2.
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Figure6.3 Samplemicrographof eutecticatgrainboundary,1000xmagnification,of
experimentE6, topcooledA1-l0 wt. pct.Cualloy refinedwith 0.045wt. pct.
TiB2.
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CHAPTER 7

NUMERICAL SIMULATION WORK

7. I Introduction

Preliminary simulation work was done upon completion of the solidification

experiments. The purpose of these simulations was to define all of the boundary

conditions in preparation of a more detailed analysis and to evaluate property values for

the A1-Cu alloy system. The one-dimensional simulations have the same boundary

conditions as what might be used in a two-dimensional simulation. This is due to the

adiabatic condition imposed on the side walls of the crucible. Only two boundary

conditions need to be specified. The top boundary condition is set by the thermocouple

placed near the top of the ingot in the melt leaving only the bottom boundary condition to

be determined. This bottom boundary condition is the main focus of these simulations

since it is located in the crucible wall and not the melt.

7.2 Governing Equations

The modeling approach used for the preliminary model is a rather simplistic one-

dimensional formulation that solves for the temperature distribution in the ingot using a

differential control volume and the conservation of energy principal. On a rate basis, the

general form of the conservation of energy requirement is:

Ein+ Eg-Eout = Est (7.1)

The one-dimensional model assumes heat transfer by conduction only, ignoring

convection and movement of solid. With this simplification, the conservation of energy

equation comes to the form commonly referred to as the heat diffusion equation. The

heat diffusion for one dimension is shown in equation 7.2.

(7.2)

The first term on the left in equation 7.2 is the net conduction heat flux into the control

volume. The second term corresponds to the volumetric rate of thermal energy

generation. Both of these terms must equal the rate of change of thermal energy stored

within the control volume. In order to solve this differential equation it was reduced to

an approximate algebraic equation by using an explicit central finite-difference approach.

The second order conduction term is approximated as shown in equation 7.3 with the

temperature gradient terms evaluated as in equations 7.4 and 7.5.

 2T[m

bX2 i

3r//_x[i+L-3T/ ] l/_X[ i-
2 2

zk_c

(7.3)
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*i+1 i

i+±
(7.4)

°7_AT-i _1 _ T/P ._x--T/-pl

2

(7.5)

Substituting equations 7.4 and 7.5 into equation 7.3 results in equation 7.6.

O2T[ _ T,'+Pl+ TiP | - 2T/p

a,-: ; -]

Substituting equation 7.6 into the energy equation of equation 7.2

temperature at node i and current time, p+l results in the following:

(7.6)

and solving for the

Ti p+. = Fo (TIP+, + T_P, )+ 0 - 2Fo )Ti p - Ahpe . (e'7" - e'p-' )
dt

(7.7)

where the Fourier number,

follows.

Fo , and the energy generation term, q, are evaluated as

(7.8)

q = -AhPe,, (7.9)
dt

Equation 7.9 is the latent heat release written in a finite difference form. The term is

negative because the equation is written in terms of the liquid fraction. This term adds to

the heat diffusion equation as the alloy solidifies. It should be noted that this term is a

lagging term, in other words it is evaluated using the liquid fraction from the previous

two time steps. The latent heat term, Ah, in equation 7.9 needs to be evaluated at a

reference temperature. The eutectic temperature is the temperature selected for this

reference; therefore, the density used in this equation is the eutectic density.

In order to determine the liquid fraction the temperature distribution is evaluated

at the end of each time step and updated according to the Scheil equation. Equation 7.10
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shows the Scheil equation which relates the concentration of the alloy to the solid and

liquid fractions.

C, _ I _ 1 (7.10)

Co

In order to simplify the mathematical treatment of solidification, it is generally

assumed that the liquidus and solidus lines of the phase diagram are straight, and

therefore that the distribution coefficient, _c, and the liquidus slope, m, are constant. With

this assumption relationship can be derived from the phase diagram to write the Scheil

equation in terms of temperature as shown in Figure 7.11.

!

/ TmP+I - Tp+I I-tc"liqgPi = Tf+l_TiP+l (7.11)

The form of the Scheil equation shown in equation 7.11 is used to update the liquid

fraction while the temperature is between the liquidus temperature and the eutectic

temperature.

7.3 Boundary Conditions

After the governing equations were derived the number of control volumes used for the

simulations was set to 85 which corresponds to a control volume size of 1 mm. The size

of the control volume was arbitrarily set to lmm for convenience and the simulations

were then tested for grid independence. The boundary conditions for the simulation were

also determined. The boundary condition for the top control volume was fixed to the

temperature profile from the top thermocouple. At the bottom control volume the bottom

thermocouple could not be used directly. This was due to the fact that the bottom

thermocouple was not in the melt but in the crucible wall. To compensate for the thermal

resistance between the thermocouple and the bottom of the melt, a boundary condition

similar to a convection surface condition was used. The boundary condition was written

in the form shown in equation 7.12 where the heat transfer coefficient, h, equals the

inverse of the thermal resistance between the thermocouple and the bottom control

volume, T4 is the temperature of the bottom thermocouple located in the crucible wall,

and Ti the temperature of the bottom control volume.

-k oT = h[T4-T_] (7.12)
-_-x1.,=0

For all of the simulations performed a heat transfer coefficient of 450 W/K was used.

This value was obtained by a trial and error process, but can be justified by

approximating the thermal resistance between the bottom thermocouple and the melt.
There are two sources for thermal resistance. One source is due to the crucible itself

while the other is from any air gap that forms due to solidification shrinkage. Since the

thermal conductivity of the crucible is much higher than that of air the crucible resistance

will be assumed to be negligible. The thermal conductivity of air in the temperature

range of the experiments is approximately 0.06 W/m-K. For a heat transfer coefficient of
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450 W/K to be justified an air gap of approximately 0.13 mm would need to be present (h

= k/L). An air gap of this size is reasonable.

7.4 Property Values

The material properties that need to be evaluated for the simulations include the thermal

conductivity, the specific heat, and the liquid and solid densities. The density values

were evaluated as both a function of temperature and concentration for each control

volume by using empirical curves (Ganesan and Poirier, 1987) from measurements of

pure aluminum and seven binary A1-Cu alloys. The liquid density was evaluated by

taking the inverse of the following relation, Equation 7.13, for the specific volume.

v L = 0.3970- 4.5322xl 0 -3 C L + 4.0924xl 0 --_T + 1.1078xl 0 -6 CLT + 2.7475xl 0 -5 C_

[cm3/g] (7.13)

The solid density was evaluated using the following relations, Equations 7.14 and 7.15,

based on the initial concentration of Cu:

p, = 2.5593+9.5307x10-4CL [g/cm 3] (7.14)

for Co = 1 wt pct. Cu

[g/cm 3]p, = 2.5689 + 1.8401x10 -3 C L (7.15)

for Co = 10 wt pct. Cu

The thermal conductivity and specific heat were evaluated as a mixture quantity based on

the solid fraction in the control volume. Table 6 is a summary of the property values

used. Also included in this table are other constants required for the simulation such as

the latent heat, and density of the eutectic, as well as other thermophysical properties that

might be needed in other more detailed modeling efforts.

For the inclusion of equiaxed grain settling and advection, the drag coefficient for

an equiaxed dendrite, CD, is needed and is given by

24
CD -m

Cea Ree

where Cea is the settling velocity ratio of the dendrite to the volume-equivalent sphere of

the envelope around the dendrite, which has been emperically determined, by Zakhem et

al., 1993, de Groh et al., 1993, and Ahuja et al., 1992, to be

fed = 1.261og(0.1_) x 2]32 +3(1- tanh(fl/l_)

2_62(1 - tanh_)/; )

which is equation [4] in de Groh et al., 1993. Briefly: Ree is Reynolds number equal to

plUddu where Pl is melt density, U is terminal velocity, de is the envelop volume-

equivalent sphere diameter, and u is melt viscosity; gt is dendrite envelope sphericity

equal to nde/A_, where de equals (6Ve/7_) 1/3, V e and Ae are the volume and surface area of
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an envelope around the dendrite which can be estimated using equations [9] and [10] in

de Groh et al., 1993; fl is the normalized radius given by de/2K 1/2 where K is permeability

of the interdendritic structure which may be estimated using the Kozeny-Carman

equation K-- (l-e)3/5(ArfVe) 2 taken from Scheidegger, 1974, e is the solid fraction of the

dendrite equal to Vp/Ve, and where Vp and Ap are the volume and surface area of the

dendrite which can be estimated using a program available from de Groh (de Groh et al.,

1993b). An extensive treatment of dendrite drag, covering a wide range of solid fractions,

is presented by Wang et al., 1995, these drag models were validated experimentally by

Nielsen et al., 1999. The very different growth velocities achieved by settling equiaxed

wains were examined by Ramani and Beckermann, 1997.

Table 6. Property Values for the A1-Cu. The volumetric expansion coefficient is

approximately three times the linear expansion coefficient (Van Vlack, 1973). [3v is

thermal expansion coefficient, (1/pl)(dpl/dT). [3s is solutal expansion coefficient,

(1/9))(dpl/dC1); C1 must be in units of volume fraction Cu. (Beer, 1972; Metals Handbook,

1985; Touloukian et al., 1970)

Property Name, Units

Liquid density, @Tm, g/cm 3

Solid linear expansion, cm/cm-K

[3T, K "1

]3s, (volume fraction Cu) l

Liquid specific heat, J/kg-K

Solid specific heat, J/kg-K

Liquid thermal conductivity, W/m-K

Solid thermal conductivity, W/m-K

Eutectic density, kg/m 3

Eutectic temperature, K

Equilibrium partition coefficient of
Cu in A1

Liquidus slope, K/wt. pct.

Melting temperature of pure A1, K

Latent he_ kJ&g .....

Initial Melt Initial Melt
Composition Composition

AI-1 wt. pct. Cu AI-10 wt.pct. Cu

2.397 2.54

23.5x 10.6 23.3x 10 .6

-114x10 -6 -113x10 -6

0.0236 0.0236

1080.0 1020.0

1140.0 980.0

90.0 82.0

180 160

3409.0

821.2

0.173

-3.37

933.6

395.0
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7.5ResultsandDiscussion

Before the simulationswere performed the transientconductionportion of the

code was validated by comparison to an analytical solution of transient conduction in a

semi-infinite medium with a surface convection boundary condition. The closed-form

solution can be seen in equation 7.16. The initial temperature values of the control
volumes were

set to 958 K and thermal properties were set to arbitrary values for the test. The result of

the analytical solution and numerical code at the bottom interior surface (x = 0) are

shown in Figure 7.1.

T(x't)-TiT4_ Ti - erfc(x)[_ - exp(hXT + ---_--_,h 2_'t )][eJfc(9_7_ +--h_r-_)lk
(7.16)

Following validation of the code, the bottom cooled experiments were simulated.

The results of the bottom cooled experiments are shown in Figures 7.2 through 7.11. The

results include the comparison of measured and predicted temperature profiles and a

three-dimensional plot of the solid fraction evolution for each experiment. In the

following figures which show the simulated temperature results, Siml is the an input

boundary condition equal to the temperature measured by the T1 thermocouple (see

Figures 2.2 and 2.3), Sim2 is the simulated temperature at the T2 location, Sire3 is the

simulated temperature at the T3 location, and Sire4 is an input boundary condition equal

to the calculated temperature in the liquid at the bottom of the crucible, Ti.

Only the bottom cooled experiments were used for this initial numerical study.

The reason is that in order to evaluate property values and obtain a heat transfer

coefficient for the experiments the thermal instabilities, which the model could not

predict, needed to be kept to a minimum. Since the top cooled experiments were

thermally and solutally unstable they made bad candidates for the purpose of these

simulations.

The results obtained for these simulations for the most part agree well with

experiments. The most sensitive quantity in these simulations was the heat transfer

coefficient, which had by far the most influence on the results. The value selected for

these simulations will be a good place to start in future simulation work with more

complex models, but further refinement will most likely be needed. The results of the

simulations were not sensitive to thermal conductivity, density, and specific heat.
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Figure 7.1 Validation of one-dimensional simulation code by comparison to analytical
solution of transient conduction in a semi-infinite medium. Results are

compared at the bottom interior surface of the ingot (x -- 0).
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Figure 7.2 Plot of Thermocouple readings versus simulation for Experiment El, bottom

cooled AI-10 wt. pct. Cu. Simlis an input boundary condition equal to T1,

Sim2 and Sire3 are simulated temperatures at T2 and T3 locations, Sim4 is a

calculated input boundary condition based on T4.
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Figure 7.3 Simulation predicted solid fraction evolution for experiment E 1, bottom
cooled A1- 10 wt. pct. Cu.
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Figure 7.4 Plot of Thermocouple readings versus simulation for experiment E2, bottom
cooled AI-10 wt. pct. Cu with 0.045 wt pct. TiB2. Simlis an input boundary
condition equal to TI, Sim2 and Sim3 are simulated temperatures at T2 and
T3 locations, Sim4 is a calculated input boundary condition based on T4.
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Figure 7.5 Simulation predicted solid fraction evolution for experiment E2, bottom

cooled AI-10 wt. pct. Cu with 0.045 wt. pct. TiB2.
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Figure 7.6 Plot of Thermocouple readings versus simulation for experiment E3, bottom
cooled Al-I wt. pct. Cu with 0.45 wt. pct. TiB2. Simlis an input boundary
condition equal to T1, Sim2 and Sim3 are simulated temperatures at T2 and
T3 locations, Sim4 is a calculated input boundary condition based on T4.
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Figure 7.7 Simulation predicted solid fraction evolution for experiment E3, bottom
cooled A1-1 wt. pct. Cu with 0.45 wt. pct. TiB2.
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Figure 7.8 Plot of thermocouple readings versus simulation for experiment E4, bottom
cooled AI-1 wt. pct. Cu. Simlis an input boundary condition equal to TI,
Sim2 and Sim3 are simulated temperatures at T2 and T3 locations, Sim4 is a

calculated input boundary condition based on T4.
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Figure 7.9 Simulation predicted solid fraction evolution for experiment E4, bottom
cooled A1-1 wt. pct. Cu.
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Figure 7.10 Plot of thermocouple readings versus simulation for experiment E5, bottom
cooled Al-1 wt. pct. Cu with 0.67 wt. pct. TiB2. Simlis an input boundary
condition equal to Tl, Sim2 and Sim3 are simulated temperatures at T2 and
T3 locations, Sim4 is a calculated input boundary condition based on T4.
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Figure 7.11 Simulation predicted solid fraction evolution for experiment E5, bottom
cooled AI-I wt. pct. Cu with 0.67 wt. pct. TiB2.
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CHAPTER 8

CONCLUSIONS

The objectives of this research were to: 1) Experimentally study the effects of

solid transport and thermosolutal convection on macrosegregation and grain size

distribution patterns; 2) Provide a complete set of experimental data, controlled thermal

boundary conditions, temperature data, and segregation and grain size data, to validate

numerical models such as the one developed by Beckermann and Wang (1995).

These objectives were met by performing nine directional solidification

experiments using A1-Cu alloys. The resulting macrosegregation and grain size variations

were studied. Concentration profiles along the center-line were determined for two top

cooled experiments, one for Al-lwt. pct. Cu and one for AI-10 wt. pct. Cu. A progression

from solute poor at the top to solute rich at the bottom, or end of solidification, was

observed for the top cooled AI-10 wt. pct. Cu alloy and is believed to be due to more

aggressive sinking of the more dense interdendritic liquid with some tempering of the

segregation due to advection of solid grains. For the top cooled A1-1 wt. pct. Cu alloy, a

relatively flat concentration profile was observed and is believed to be due to the

contributions of thermosolutal convection transporting solute rich liquid downwards and

the solute poor solid grains sinking more extensively as compared to the 10wt. pct. Cu

ingot.

Of the nine solidification experiments performed a variety of grain size

distributions were obtained and analyzed. It was evident that alloys with a higher copper

content were more inclined to have equiaxed grains. This is in agreement with work

done by Griffiths, Xiao, and McCartney (1996) during their study of the influence of bulk

liquid natural convection on the formation of the equiaxed regions in AI-Cu and A1-Si

alloys. This effect was apparent due to the difficulty of obtaining equiaxed grains in the

A1-1 wt. pct. Cu. Alloy. Even with the additions of grain refiner none of the solutally and

thermally stable bottom cooled experiments exhibited an equiaxed grain structure. Only

in the top cooled experiments, which were thermally and solutally unstable, were

equiaxed grain structure achievable. Equiaxed growth in the lwt. pct. Cu top cooled

experiments may have been assisted by the lower cooling rate imposed (as compared to

the bottom cooled lwt. pct. Cu experiments) and in particular, by exacerbation of

settling, advection, and fragmentation of dendrites caused by the more aggressive
thermosolutal convection.

The grain size in the top cooled 10wt. pct. Cu ingots was about 3 times larger than

in the bottom cooled 10wt. pct. Cu ingots. We believe this difference is due to advection

of nucleated grains from cooler regions nearer the top of the top cooled ingots to warmer

areas nearer the bottom of the ingots where some melt.

In addition to the observation on macrosegregation and grain size distribution a

complete set of experimental data was obtained for use in numerical simulation work.

Preliminary simulation work was performed to refine boundary conditions and assess

property values for the A1-Cu alloy. The preliminary simulation work successfully

narrowed down the property data of the two alloy compositions and provided a starting

point for the thermal boundary conditions to be used in future modeling.
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APPENDIX A

ALUMINUM-COPPER DENSITY CALCULATIONS

A. 1 Introduction

It was intended to have two case studies for the Aluminum-copper experiments. One

case study was to have dendrites that would sink at the start of solidification, the initial

solid having a higher density than the surrounding liquid. The other case study was to

have nearly equal buoyancy of the solid and liquid states at the start of solidification.

A.2 Calculations for AI-10 wt pct. Cu

From Ganesan and Poirier, 1987, the densities of the liquid and solid for AI-10 wt. pct.
Cu were calculated as follows:

The density of the solid,

/9 = 2.5581+ 2.1743E-3cL+ 6.0443E-5cf

The density of the bulk liquid,

PL = 2.3585 + 2.1685E - 2 CL + 7.2914E - 5Cf - 7.2351E - 7 CL s

where CL = Composition of the interdendritic liquid, wt % Cu, equation valid for CL <

32.7 wt % Cu.

For A1-10 wt % Cu Alloy,

p, = 2.5581 + 2.1743E- 3(10)+ 6.0443E- 5(10) 2 = 2.58_

Since Ps
at the start of solidification.

A.3 Calculations for A1-1 wt. pct. Cu

The densities of the liquid and solid for A1-1 wt. pct. Cu were calculated as follows:

The density of the solid,

Ps = 2.5581 + 2.1743E- 3 CL + 6.0443E- 5 CL 2

g

cm 3

RL= 2.3585+ 2.1685E- 2(10)+ 7.2914E-5(10) 2 - 7.2351E-7(10) _ = 2.58 g
cm 3

-= Pc AI-10 wt % Cu has a nearly equal buoyancy of the liquid and solid states

The density of the bulk liquid,

PL = 2.3585 + 2.1685E- 2 CL + 7.2914E- 5 CL 2 - 7.2351E- 7 CL 3

where CL = Composition of the interdendritic liquid, wt % Cu, equation valid for CL <

32.7 wt % Cu.

For A1-1 wt % Cu Alloy,

ps = 2.5581+ 2.1743E-3(1)+ 6.0443E-5(1) 2 = 2.56 g
cm 3

pL = 2.3585+ 2.1685E- 2(1)+ 7.2914E-5(1)2 - 7.2351E-7(1) 3 = 2.38 g
cm 3

since Ps > Pc A1- 1 wt % Cu will form grains that will tend to sink.
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APPENDIX B

GRAIN REFINER ADDITIONS

B. 1 Introduction

The refined samples of AI-1 wt. pct. Cu and Al-10 wt. pct. Cu consisted of 0.45

and 0.045 wt. pct. TiB2, respectively. The amount of TiB2 added is based on the study by

McCartney and Ahmady (1994) according to the phase diagram parameter [3. Later,

additional experiments were performed with additional refiner, 0.67 wt. pct. for the 1 wt.

pct. Cu alloy and 0.067 wt. pct. for the 10 wt. pct. aluminum alloy. The additional

refiner was needed to further reduce the grain size in the resulting casting.

B.2 Calculations

If solute interactions are neglected, 13can be interpreted as being a term which determines

dendrite tip undercooling in a multicomponent alloy (McCartney et al., 1980; Desnain

et al., 1990) because it is defined as Equation B.I.

11

fl= _,-mi(1-ki)Coi
i=1

(B.I)

Coi= the weight percent of element i in the base alloy.

k; = the equilibrium partition coefficient of the A1-Cu phase diagram containing solute i.

mi = the liquidus slope of the A1-Cu phase diagram.

For the A1-Cu Alloy: k = 0.14, mi = -2.6 K/wt. pct. (Source: Mondolfo, 1976).

The amount of grain refiner addition correlates well to /3 -_ . Table B 1 shows the

computed values and the corresponding wc pcc and grams of grain refiner added to the

experiments.

Table 7. Values of [3 and amount of TiB2 added for the experiments.

Alloy [3 (in K) for Base Alloy wt. pct. TiB2 (13_) TiB., added (grams)

AI-10 wt % Cu 22.360 .045 .0311

A1-1 wt % Cu 2.236 .45 .2916

NAS A/TM---2000- 210020 89



APPENDIX C

TEMPERATURE MEASUREMENTS

This appendix includes the temperature measurements taken during Experiments 1

through 9, see Table 4. In all tables the first column is time in the units of minutes, the

second column, TP, is the percent of 300 watts of power sent to the upper heater, the third

column, BP, is the percent of 300 watts of power sent to the bottom heater. Columns 4, 5

and 6 (labeled TI, T2, and T3) are temperature readings in °C inside the ingot along its

centerline near the top, middle and bottom, location details as indicated in Figures 2.3

and 2.4. Columns 7, 8, 9, and 10 (labeled T4, T5, T6, and T7) provide the temperature

measurements in °C taken in the crucible wall at the bottom, and near the top, middle and

lower portion of the ingot container as shown in Figures 2.2, and 2.3. The last two

columns, T8 and T9, list temperatures measured in the furnace near the top and bottom

respectively, see Figure 2.3. In order to shorten the data tables, the initial heating and

much of the soak period have been omitted by deleting the first 100 min. to 150 min. of

each batch of data. Thus the later portion of the soak and all of the solidification period
are in the tables.

TIME

100.40

100.90

101.40

101.90

102.40

102.90

103.40

103.90

104.40

105.00

105.50

106.00

106.50

107.00

107.50

108.00

108.50

109.00

109.50

110.00

110.50

111.10

111.60

112.10

112.60

113.10

Table Cl Experiment l, AI-10%Cu, no refiner, cooled from the bottom.

TP BP T1 T2 T3 T4 T5 T6 "F7 T8

22.00 25.90 685.07 685.94 685,04 674.76 690.13 690.20 694.65 705.39

22.00 26.00 685,02 685,87 685,02 674.71 690.06 690.13 694.58 705.41

22,00 26,10 684,97 685.87 684.92 674,74 690,08 690,13 694.60 705,65

22.10 26.10 684.95 685.85 684.90 674,71 690.01 690.06 694.58 705.77

22.10 26.10 684,95 685.83 684.95 674.74 689.99 690,03 694,58 705.92

22.20 26.20 684.92 665,85 684,92 674.71 690.01 690.10 694.62 706.03

22.20 26.20 684.90 685.92 684.92 674.69 690.10 690.08 694.70 706.18

22.20 26.10 684.90 685.63 684.90 674.76 690.16 690.15 694.67 706.23

22.10 26,10 684.92 685.87 684.99 674.79 690.08 690.08 694.70 706.39

22.20 26.10 684.92 665.90 684.95 674.86 690.20 690.15 694.74 706.58

22.10 26.00 684,97 685.90 684.97 674.81 690.22 690.18 694.86 706,73

22.10 26.00 685.02 685.92 685.02 674.95 690.22 690.22 694.89 706.77

1.50 3.50 685.07 685.97 684.90 645.65 690.20 690.25 694.84 706.65

25.60 52.80 684.85 685.04 679.58 602.58 689.84 690.13 691.56 700.96

29.70 65.10 684.02 682.07 673.32 588.09 688.77 688.65 686.44 698.91

0.00 42.10 682.57 678.84 668.50 581.47 688.49 686.63 683.31 702.94

16.20 58.70 680.81 675.81 664.05 574.61 687.18 664.64 679.39 698.77

29.80 62.20 678.68 672.58 659.17 568.17 664.73 682.24 675.19 693.67

4.00 51.30 676.26 669.07 654.06 540.55 682.95 679.51 671.37 695.48

6.30 59.70 673.70 665.23 648.01 506.83 680.98 676.64 666.47 692.98

25.30 59.20 670.71 660.99 641.58 495.35 677.99 673.29 660.88 686.28

11.50 58.60 667.37 656.38 635.56 487.85 675.26 669.52 655.67 685.09

0.20 62.30 663.88 651.58 628.98 477.33 672.41 665.54 649.90 684.09

15.60 62.20 660.07 646.35 621.37 462.30 668.81 661.35 643.50 677.28

16.30 63.60 655.81 640.59 614.32 449.19 664.83 656.52 636.77 672.94

1.20 76.30 651.44 636,18 612.96 437.90 661.09 651.79 632.50 671.51

T9

714.75

714.64

714.96

715.13

715.32

715.49

715.58

715.65

715.80

715.89

716.06

716.18

715.03

701.08

693.36

694.05

686.28

681.12

678.99

671.96

666.20

660.69

653.87

647.42

640.05

633.16
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113.60 6.40 76.20 647.49 633.16 609.24 430.40 656.99 648.01 629.83 666.02 630.49

114.10 14.20 68.60 643.83 630.23 605.07 424.00 652.86 644.58 626.91 660.14 629.05

114.60 3.30 70.80 640.43 627.43 600.84 419.30 649.31 641.42 623.30 657.99 624.79

115.10 2.70 74.30 637.26 624.83 596.98 416.13 646.12 638.44 619.48 654.79 620.31

115.60 10.60 67.80 634.29 622.19 593.45 411.97 642.72 635.71 616.04 649.45 618.00

116.10 9.40 69.60 631.53 619.04 590.16 409.46 639.58 633.16 612.61 646.31 614.14

116.60 0.90 70.40 629.12 615.86 586.97 407.52 637.05 630.92 609.19 644.70 610.49

117.20 6.10 66.60 627.21 612.70 583.91 405.10 634.53 628.82 606.06 640.85 607.99

117.70 14.30 67.90 626,39 609.69 580.93 402.50 632.47 626.51 602.86 637.14 604.41

118.20 11.30 68.60 626.53 606.67 578.01 399.89 632.24 624.17 599.76 637.10 601.19

118.70 4.40 66.20 625.59 603.85 575.31 397.57 632.38 621.91 596.98 638.23 598.72

119.20 6.20 64.60 624.01 601.24 573.01 395.15 631.93 619.77 594.32 636.96 596.25

119.70 11.60 64.30 622.24 598.75 570.97 394.13 630.56 617.46 591.88 634.45 593.74

120.20 5.50 64.00 620.19 596.39 568.90 392.52 628.82 615.24 589.67 633.49 591.43

120.70 0.50 63.10 617.81 594.14 566.88 389.51 626.74 612.98 587.41 631.93 589.29

121.20 8.10 63.00 615.08 591.81 564.84 388.75 623.98 610.53 585.23 627.78 587.06

121.70 9.50 62.30 612.04 589.43 562.85 388.46 620.99 607.87 583.02 624.38 584.83

122.20 0.90 62.00 608.67 586.90 560.90 387.04 618.23 605.14 580.76 622.85 582.55

122.70 2.10 61.30 604.98 584.22 558.88 383.93 615.34 602.34 578.44 619.77 580.25

123.30 6.90 61.10 601.05 581.30 556.81 383.26 611.85 599.36 575.97 615.31 577.80

123.80 3.60 60.20 597.03 578.32 554.63 379.39 608.51 596.30 573.51 612.18 575.31

124.30 1.10 59.30 592.84 575.17 552.35 377.51 605.00 592.94 570.52 609.43 572.45

124.80 2.40 60.40 588.56 571.96 549.89 373.97 601.31 589.55 567.47 605.31 569.07

125.30 2.90 57.10 584.31 568.60 547.21 370.00 597.52 586.07 564.44 601.10 566.53

125.80 0.00 56.60 580.06 565.19 544.47 370.28 593.76 582.64 561.27 597.64 563.22

126.30 0.30 58.30 575.88 561.74 542.15 368.45 590.00 579.14 557.92 593.95 559.51

126.80 1.20 58.30 571.88 558.74 541.82 367.28 586.31 575.81 555.47 589.79 556.93

127.30 1.40 57.50 568.22 556.13 539.99 364.71 582.55 572.61 553.25 585.91 554.89

127.80 0.20 56.30 564.77 553.39 537.38 363.59 579.05 569.54 550.69 582.43 552.42

128.30 0.90 56.90 561.58 550.55 534.57 360.63 575.74 566.58 547.75 578.81 549.26

128.80 1.00 55.70 558.43 547.61 531.45 357.79 572.50 563.67 544.56 575.34 546.20

129.30 0.00 54.40 555.45 544.68 528,40 355.43 569.28 560.62 541.39 572.12 543.20

129.80 0.00 53.30 552.38 541.89 525.27 351.25 566.23 557.66 538.04 568.97 539.94

130.40 0.80 53.10 549.33 538.27 522.06 348.46 563.15 564.63 534.64 565.76 536.49

130.90 0.70 53.70 546.60 534.71 518.80 344.08 560.22 551.70 531.07 562.70 532.71

131.40 0.10 51.60 544.16 531.12 515.54 345.56 557.31 548.60 527.39 559.84 529.31

131.90 0.60 53.20 541.89 527.50 512.20 342.55 554.58 545.41 523.66 556.95 525.25

132.40 0.40 52.30 539.09 524.03 508.82 339.25 551.91 542.12 520.06 554.18 521.71

132.90 0.00 50.20 535.46 520.46 505.56 335.77 549.33 538.91 516.43 551.44 518.30

133.40 0.00 47.70 527.83 516.24 502.11 330.14 546.16 535.48 512.93 548.74 515.14

133.90 0.30 44.50 520.93 510.70 497.51 324.95 641.93 530.86 508.56 545.81 511.33

134.40 0.00 44.00 515.32 505.42 492.67 320.56 537.48 525.88 503.40 542.73 506.12

134.90 0.00 44.00 510.09 500.28 487.74 316.08 533.16 521.10 498.02 539.49 500.44

135.40 0.00 43.50 505.07 495.21 482.90 311.87 528.82 516.24 492.62 536.26 495.18

135.90 0.00 41.50 500.07 490.27 478.03 307.46 524.64 511.55 487.46 532.92 490.11
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TIME

100.40

100.90

101.40

101.90

102.40

102.90

103.40

103.90

104.40

104.90

105,40

105.90

106.50

107.00

107.50

108.00

108.50

109.00

109.50

110.00

110.50

111,00

111.50

112.00

112.50

113.00

113.60

114.10

114.60

115.10

115.60

116.10

116.60

117.10

117.60

118.10

118.60

119.10

II9.70

120.20

120.70

121.20

121.70

122,20

122.70

123.20

Table C2, Experiment 2, AI-10%Cu, 0.045%
TP BP T1 T2 T3

21.60 29.30 684.83 686.06 684.97

21.60 29.30 684.83 686.02 684.90

21.80 29.30 684.76 685.99 684.90

21.70 29.40 684.80 686.04 684.95

21.70 29.40 684.80 686.06 684.92

21.70 29.30 684.83 686.04 684.95

21.70 29.40 684.88 686.02 684.92

21.70 29.30 684.88 686.04 684.92

21.70 29.30 684.88 686.06 684.99

21.70 29.20 684.92 686.09 684.99

21.60 29.30 684.95 686.11 685.04

21.60 29.20 684.92 686.16 685.04

21.50 29.20 684.99 686.16 685.02

21.50 29.20 685.02 686,21 685.11

21.50 29.20 685.02 686.21 685.11

21.50 29.10 685.04 686.25 685.14

21.40 29.00 685.07 686.23 685.11

21.50 29,00 685.04 686.28 685,16

21.40 29.10 685.07 686.25 685.18

2.50 8.80 685.07 686.21 683.64

22.50 56.90 684.61 683.31 672.96

28.30 63.00 682.64 677.97 663.53

9.60 40.40 680.17 672.60 656.17

5.00 68.00 677.04 667.46 648.10

16.50 79.30 673.48 660.73 633.79

16.40 64.10 668.69 651.29 618.45

4.90 80.00 662.94 643.02 609.43

2.00 79.60 657.14 636.65 598.16

7.70 71.10 651.41 630.18 585.51

8.70 65.90 645.50 622.76 572.78

3.50 65.00 639.91 612.68 560.66

1.90 62.00 634.57 602.11 549.56

6.30 61,40 630.30 591.95 542.40

11.30 66.30 627.57 584.10 537.97

13.50 58.30 622.31 577.08 531.40

5.10 53.20 616,35 569.68 524.80

0.00 57.70 609.64 562.61 518.80

0.20 58.20 600.79 555.73 513.31

0,00 52.40 589,51 548.60 507.95

0.00 50.80 576.98 540.78 502.02

0.00 50.20 564.58 531.96 495.51

0.50 50.90 553.48 522.90 488.61

0.50 52.50 545.15 513,52 481.21

1.90 50.60 536.68 503.94 473.21

0.60 45.00 523.30 494.60 465.31

0.00 38.40 506.52 482.50 456.02

refiner, cooled from the bottom.
T4 T5 T6 T7 T8 T9

678.99 689.06 689.63 694.55 699.84 717.54

679.06 689.06 689.65 694.58 699.96 717.66

678.99 689.03 689.61 694.53 700.08 717.66

679.01 689.11 689,65 694.55 700.17 717.71

679.06 689.15 689.68 694,58 700.24 717.68

679.03 689.11 689.65 694.55 700.29 717.73

679.15 689.18 689.70 694.62 700.34 717.73

679.13 689.13 689.68 694.58 700.36 717.76

679.18 689.15 689.70 694.58 700.41 717.76

679.29 889,25 689,75 694.67 700.48 717.83

679.27 68950 689.80 694.70 700.53 717.90

679.25 689.27 689.80 694.67 700.53 717.87

679.20 689.30 689.80 694.70 700.53 717.85

679.22 689.32 689.84 694.72 700.53 717.78

679.34 689.34 689.87 694.72 700.48 717.76

679.29 689.32 689.84 694.70 700.43 717.76

679.44 689.37 689.89 694.77 700.39 717.71

679,41 689.34 689.87 694.70 700.34 717.68

679.56 689.39 689.91 694.79 700.29 717.71

643.33 689.39 689.91 694.46 699.36 714.84

607.31 688.48 689.08 688.08 692.93 697.89

593.52 686.94 686.21 680.17 689.94 688.63

584.57 685.52 682.62 674.45 692.86 686.49

577.08 683.33 678.87 667.65 691.25 673.51

542.59 680.08 674.60 658.34 684.73 659.93

501.69 676.00 668.62 646.12 680.51 650.59

474.34 671.54 661.75 636,58 678,54 636.65

452.44 666.35 655.60 627.71 673.62 626.13

431.55 660.73 649.69 617.60 666.11 617.69

4f3.60 654.96 643.64 606.30 659.88 607.40

398.90 649.50 637.85 594.70 655.41 595.90

388.63 644.23 631.84 583.47 650.11 585.18

381.55 639.25 624,48 573.51 643.69 575.17

376.09 635.47 616,80 566.23 638.47 566.88

370.88 633.70 609.76 559.44 636,04 561.70

364.76 631.08 602.98 552.05 635.35 555.08

359.51 626.36 596.37 544,42 632.54 546,44

354.31 619.95 589.39 537.43 625.94 539.21

348.74 612.13 581.70 530,81 618.00 533.60

341.16 603.14 573.04 523.54 609.64 526.52

334.31 593.83 564.07 515.30 600.96 518.21

329.06 584.33 554.96 506.59 591.24 509,20

323.30 575.48 545.64 498.17 581.96 500.28

318.30 567.54 536.04 489.85 573.32 492.22

311.39 559.79 526.64 481.35 565.64 484.64

303.09 549.51 514.95 471.66 558.03 476.08
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TIME

145.40

145.90

146.40

146.90

147.40

147.90

148.40

149.00

149.50

150.00

150.50

151.00

151.50

152.00

152.50

153.00

153.50

154.00

154.50

155.10

155.60

156.10

156.60

157.10

157.60

158.10

158.60

159.10

159.60

160.10

160.60

161.10

161.70

162.20

162.70

163.20

163.70

164.20

164.70

165.20

165.70

166.20

166.70

167.20

167.80

168.30

TP

23.80

23.90

23.80

23.80

23.70

23.80

23_70

23.70

23.70

23.80

23.70

23.70

23.70

23.70

23.70

23.70

23.70

0.40

20.90

31.50

13.30

7.90

18.00

17.60

7.90

6.40

10.40

9.30

5.80

5.50

7.40

8.60

9.50

17.30

18.30

7.10

0.00

0.00

0.10

3.90

2.40

0.00

0.00

2.00

0.00

0.00

Table C3, Experiment 3, A1-1%Cu, 0.045% refiner, bottom cooled.

BP T1 T2 T3 T4 T5 T6

29.80 710,23 711.78 710,16 709.78 715.41 715.77

29.90 710,23 711.66 710.11 709.78 715.44 715.87

29.80 710.19 711.86 710,21 709.78 715.44 715.82

29,80 710,23 711.78 710,16 709.83 715.44 715.80

29,80 710.19 711.86 710.19 709.85 715.44 715.84

29.80 710.21 711.81 710.16 709.76 715.44 715.84

29.70 710.16 711.83 710.14 709.78 715.39 715.75

29.70 710.23 711.86 710.14 709.80 715.41 715.82

29.90 710.23 711.81 710.19 709.76 715.41 715.84

29.70 710.21 711.88 710.14 709.71 715.39 715.75

29.60 710.19 711.86 710.14 709.73 715.37 715.70

29.70 710.23 711.78 710.16 709.73 715.37 715.77

29.70 710.19 711.76 710.19 709.66 715.37 715.80

29.70 710.14 711.78 710.19 709.76 715.32 715.70

29.70 710.16 711.78 710.19 709.71 715.27 715.65

29.70 710.16 711.76 710.09 709.68 715.32 715.75

29.80 710.09 711.76 710.11 709.68 715.27 715.68

2.10 710.07 711.64 709.85 696.10 715.22 715.61

47.70 709.78 710.28 701.43 669,29 714.39 715.03

68.40 708.09 705.92 691.77 655.67 712.81 712.57

37.00 705.56 700.91 683.97 646.64 711.33 708.75

59.90 702.53 696.05 677.02 636.86 709.49 705.30

75.30 698.91 690.75 666.49 618.07 706.23 701.08

67.00 694.55 682.93 651.39 585.02 702.41 695.62

80.00 689.13 675.64 646.52 562.05 698.10 689.01

80.00 683.78 669.95 636.89 541.49 693.22 683.43

77.00 678.51 664.33 625.19 519.15 687.89 678.06

70.20 673.24 658.70 613.24 497.98 682.69 672.63

68.00 667.96 653.30 602.49 476.04 677.63 667.22

69.20 662.94 645.81 593.01 459.41 672.58 662.06

64.80 658.39 636.20 584.26 444.24 667.65 656.59

61.90 654.72 627.02 576.25 431.17 663.24 649.73

63.40 652.55 618.52 569.04 420.83 659.81 642.29

63.90 650.02 610.79 562.70 412.25 657.85 634.74

65.10 643.26 603.66 557.40 408.32 656.36 627.38

64.30 636.46 597.24 552.31 402.97 652.90 620.66

62.80 627.71 590.94 547.28 397.88 645.95 614.25

58.40 608.42 580.43 540.62 393.94 632.40 604.63

60.00 589.88 566.37 531.38 424.97 617.95 589.74

79.20 574.40 555.08 525.58 427.35 603.24 575.74

51.70 561.18 543.27 515.23 414.52 590.23 563.15

42.50 548.76 531.33 503.99 400.94 578.25 551.25

57.60 536.65 519.50 492.65 389.60 566.91 539.92

60.80 524.69 507.72 481.51 378.94 555.99 528.54

45.20 512.86 496.15 470.72 367.69 544.98 517.06

40.30 501.43 485.01 460.32 357.48 534.54 506.12

T7

719.55

719.64

719.62

719.57

719.67

719.62

719.50

719.57

719.64

719.52

719.48

719.55

719.60

719.48

719.40

719.52

719.48

719.36

714.43

706.27

699.89

694.84

686.92

675.05

665.87

658.72

649.81

639.10

627.64

616.35

605.99

596.39

587.55

579.61

572.59

566.27

560.26

553.36

542.69

534.33

524.12

512.37

499.27

486.40

474.81

463.62

T8

730.65

730.68

730.61

730.56

730.56

730.51

730.49

730.49

730.44

730.41

730.37

730.37

730.29

730.20

730.13

730.13

730.10

729.74

722.97

718.52

721.15

719.88

713.53

709.49

707.11

701.96

695.20

689.84

685.26

679.77

673.93

668.91

664.83

660.76

658.91

658.01

653.26

643.07

629.64

613.34

600.11

588.94

577.92

565.97

555.29

545.34

T9

744.91

744.86

744.81

744.74

744.74

744.76

744.71

744.79

744.76

744.69

744.64

744.57

744.57

744.52

744.45

744.47

744.45

743.61

728.14

715.58

714.55

704.01

692.77

682.12

667.93

657.78

649.36

639.98

628.86

617.32

607.73

598.56

589.34

581.16

573.81

567.59

561.79

555.69

544.33

530.72

526.07

515.86

499.60

486.21

477.68

467.17
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Table C4, Experiment 4, A1-1%Cu, no refiner, bottom cooled.

TIME TP BP T1 T2 3"3 T4 T5 T6 T7 T8 T9

128.10 29.00 27.30 710.16 710.52 709.85 695.29 717.04 714.03 715.77 739.89 728.40

128,60 28.90 27.40 710.26 710,50 709.88 695.36 717.09 714.08 715.80 739.86 728.40

129.10 28.90 27,30 710.33 710,54 709.97 695.72 717.13 714.15 715.92 739.86 728.45

129,60 28.70 27.30 710,38 710.54 709,95 695.70 717.16 714.17 715.89 739.79 728.26

130.10 28,60 27.10 710.33 710.73 710.07 695,62 717.18 714.17 715.87 739.67 728.14

130.70 28.60 27.20 710.40 710.66 710.02 695.67 717.13 714.17 715.87 739.50 728.11

131.20 28.50 27.10 710.52 710.66 709.95 695.98 717.16 714.22 715.94 739.38 728.07

131.70 28.50 27.10 710.45 710.66 710.04 695.48 717.11 714.17 715.87 739.24 728.04

132.20 28.50 27.20 710.33 710.76 710.09 695.58 717.09 714.17 715.84 739.09 727.92

132.70 28.40 27.20 710.42 710.71 709.99 695.74 717.11 714.17 715.84 738.95 727.87

133.20 28.40 27.30 710.47 710.69 710.09 695.72 717.06 714.12 715.82 738.78 727.85

133.70 28.40 27.10 710.42 710.59 709.95 695.74 716.99 714.10 715.75 738.66 727.73

134.20 28.40 26.90 710.54 710.69 710.16 695.81 716.97 714.08 715.77 738.54 727.68

134.70 28.40 27.30 710.26 710.69 709.95 695.77 716.94 714.03 715.72 738.49 727.61

135.20 28.60 27.20 710.28 710.57 709.71 696.03 716.92 714.05 715.75 738.49 727.61

135.70 28.30 27.20 710.33 710.59 709.78 695.74 716.90 713.96 715.65 738.47 727.59

138.20 28.40 27.30 710.35 710.50 709.92 695.98 716.g0 714.00 715.72 738.49 727.54

136.70 28.40 27.30 710.28 710.57 709.88 695.67 716.87 713.91 715.61 738.47 727.61

137.30 28.30 27.40 710.21 710.52 709.85 695.98 716.87 713.96 715.68 738.54 727.66

137.80 28.40 27.40 710.21 710.50 709.76 695.84 716.85 713.93 715.65 738.57 727.71

138.30 28.50 27.40 710.23 710.66 709.83 695.60 716.82 713.89 715.58 738.54 727.78

138.80 28.50 27.30 710.28 710.45 709.85 695.89 716.85 713.93 715.72 738.71 727.83

139.30 4.50 9.00 710.14 710.71 709.54 672.15 716.73 713.91 715.39 736.67 725.34

139.80 33.00 60.90 709.78 709.76 705.77 630.26 715.46 713.31 711.78 727.37 711.12

140.30 32.30 63.30 708.59 707.58 700.10 610.49 714.08 711.45 707.08 725.62 706.32

140.80 10.50 32.30 707.06 704.79 695.36 600.49 713.22 70g.09 704.01 729.34 709.11

141.30 14.70 56.10 705.15 701.93 690.46 602.34 711.62 706.85 699.46 725.65 699.43

141.80 26.40 68.70 702.60 698.39 683.59 604.16 708.90 703.65 693.13 719.31 690.94

142.30 19.30 69.20 699.53 693.79 674.71 592.04 706.13 699,60 686,16 717.76 683.85

142.80 10.80 80.00 695.86 688.13 664.12 563.83 703,10 694.79 676.90 716.01 670.14

143.40 13.80 80.00 691.53 682.52 660.38 559.18 699.00 689.49 670.14 710.42 658.82

143.90 15.50 80.00 686.90 678.18 657.99 552.92 694.43 684.90 666.04 704.75 651.67

144.40 12.70 80.00 682.86 674.53 655.74 547.35 690.22 681.00 662.91 700.62 646.80

144.90 11.10 80.00 679.10 671.23 653.04 543.27 686.32 677.56 660.21 696.48 642.95

145.40 12.20 80.00 675.66 668.36 650.02 540.34 682.64 674.41 657.61 691.96 639.67

145.90 12.20 80.00 672.48 665.64 647.02 537.55 679.20 671.49 654.87 687.96 636.79

146.40 11.10 80.00 669.52 663.22 643.95 535.95 676.07 668.81 652.07 684.61 634.17

146.90 10.50 80.00 666.77 660.97 640.97 533.46 673.13 666.37 649.26 681.27 631.88

I47.40 10.70 79.80 664.24 659.03 638.02 531.05 670.40 664.21 646.50 677.99 629.88

147.90 11.00 80.00 662.01 657.54 635.19 529.33 667.93 662.32 643.73 675.02 627.94

148.40 11.00 79.80 660.10 656.38 632.43 526.31 665.71 660.73 641.06 672.37 626.18

148.90 11.00 79.80 658.39 655.50 629.62 523.84 663.79 659.43 638.47 670.02 624.50

149.50 11.60 78.80 657.07 653.26 626.95 520.25 662.15 658.11 635.92 667.93 622.90

150.00 11.70 79.60 656.12 650,61 624.48 517.60 660.88 656.45 633.44 666.30 621.06

150.50 11.70 78.60 655.46 648.08 621.91 513.59 659.93 654.39 631.08 665.00 619.60

151.00 12.50 79.60 655.20 645.48 619.69 511.31 659.41 652.19 628.79 664.03 617.79

151.50 13.70 78.10 655.27 643.09 617.27 504.55 659.38 649.95 626.58 663.3g 616.56
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152.00 12.80 79.80 655.34 640.59 615.08 500.96 659.36 647.75 624.36 663.36 614.51

152.50 12.20 78.00 655.20 638.25 612.89 493.56 659.20 645.58 622.22 663.10 613.26

153.00 12.20 77.60 653.66 636.20 610.86 490.49 658.72 643.52 620.33 662.39 611.90

153.50 12.10 79.50 651.79 634.03 608.86 488.25 657.92 641.49 618.30 661.40 609.97

154.00 10.60 75.70 649.71 631.95 607.10 484.05 656.59 639.48 616.54 660.24 609.45

154.50 6.00 77.80 646.24 629.83 605.19 480.64 653.73 637.36 614.68 658.32 607.62

155.10 0.00 77.70 638.66 625.94 602.81 474.91 647.42 633.84 612.44 654.04 605.83

155.60 0.30 71.80 629.95 619.93 599.10 467.19 639.62 628.25 609.00 646.40 603.94

156.10 1.70 69.20 621.96 613.38 594.11 459.74 632.02 621.89 604.16 638.07 599.87

156.60 1.60 69.70 614.63 606.63 588.28 452.04 624.97 615.41 598.39 630.70 594.25

157.10 0.10 68.00 607.59 599.97 582.22 444.55 618.42 608.91 592.35 624.27 588.80

157.60 0.10 66.70 600.70 593.31 576.11 439.24 612.25 602.53 586.24 618.02 583.11

158.10 0.00 66.70 593.97 586,85 570.03 434.31 606,32 596.23 580.06 611.85 577.17

158.60 0.00 64.40 587.34 580.41 564.02 428.63 600.58 590.05 574.00 606.04 571.72

159.10 0.00 61.80 581.07 574.26 558.22 422.72 594.96 583.98 568.06 600.53 566.37

159.60 0.00 62.10 574.84 568.06 552.28 417.67 589.48 578.09 562.07 595.31 560.43

160.10 0.10 61.30 568.81 562.07 546.56 411.42 564.10 572.31 556.16 590.33 554.77

160.60 0.00 59.70 562.87 556.32 541.00 406.41 578.81 566.63 550.43 585.51 549.49

161.10 0.00 59.50 557.12 550.66 535.97 401.24 573.65 561.13 544.73 580.88 543.81

161.60 0.00 59.50 551.65 545.27 530.81 395,56 568.62 555.85 539.02 576.39 538.20

162.20 0.00 56.20 546.32 539.96 525.70 389.18 563.74 550.66 533.60 572.07 533.44

162.70 0.00 56.70 540.95 534.78 520.70 382.84 558.90 545.52 528.18 567.82 528.04

163.20 0.00 56.90 535.81 529.57 515.65 376.06 554.16 640.46 522.79 563.71 522.51

163.70 0.00 54.60 530.67 524.45 510.56 368.28 549.49 535.43 517.55 559.63 517.77

164.20 0.00 52.70 525.53 519.34 505.65 361.59 544.87 530.46 512.39 555.66 512.95

164.70 0.00 53.90 520.56 514.39 500.89 355.19 540.32 525.56 507.18 551.72 507.46

165.20 0.00 52.50 515.65 509.53 496.12 349.32 535.79 520.75 502.04 547.85 502.58

165.70 0.00 50.40 510.82 504.62 491.50 342.69 531.33 516.00 496.99 544.05 497.91

166.20 0.00 50.50 506.03 499.90 486.75 338.10 526.96 511.33 491.89 540.29 492.76

166.70 0.00 49.50 501.24 495.09 481.91 332.49 522.65 506.64 486.87 536.63 487.85

TIME

146.40

146.90

147.40

147.90

148,40

148.90

149.40

150.00

150.50

151.00

151.50

152.00

152.50

153.00

153.50

154.00

Table C5, Experiment 5, AI-1%Cu, 0.670% refiner, cooled from the bottom.
TP BP T1 T2 T3 T4 T5 T6

30.10 23.30 710.33 708.56 709.97 690.37 728.66 712.81

30.10 23.30 710.28 708.59 709,99 690.65 728.71 712.81

30.20 23.30 710.28 708.56 709.99 690.44 728.66 712.79

30.10 23.40 710.28 708.59 709.99 690.46 728.64 712.76

30.20 23.40 710.26 708.61 709.99 690.27 728.66 712.74

30.00 23.40 710.35 708.59 709.95 690.46 728.69 712.76

30.10 23.40 710.28 708.61 710.04 690.46 728.71 712.76

30.00 23.40 710.38 708.63 710.04 690.63 728.74 712.79

30.00 23.30 710.30 708.59 710.02 690.58 728.71 712.79

30.00 23.30 710.30 708.61 710.02 690.48 728.66 712.79

29.90 23.40 710.40 708.61 710.02 _ 690.82 728.69 712.79

29.90 23.30 710.35 708.71 710.07 690.39 728.64 712.81

29.80 23.30 710.40 708.61 710.07 690.72 728.64 712.81

29.80 23.40 710.35 708.63 710.04 690.22 728.55 712.76

29.70 23.30 710.28 708.66 709.99 690.60 728.62 712.79

29.70 23.40 710.40 708.59 710.04 690.79 728.62 712.76

T7

710.21

710.21

710.21

710.16

710.19

710.19

710.19

710.21

710.19

710.21

710.26

710.28

710.26

710.19

710.21

710.21

T8

733.94

734.03

733.96

733.94

733.91

733.94

733.96

734.08

733.91

733.98

733.94

733.89

733.94

733.77

733.96

733.98

T9

711.14

711.14

711.14

711.14

711.16

711.21

711.21

711.16

711.24

711.24

711.31

711.28

711.28

711.21

711.19

711.21
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154.50 29.80 23.30 710.35 708.59 710.04 690.51 728.57 712.76 710.19 733.79 711.24

155.00 29.80 23.30 710.30 708.61 710.02 690.53 728.55 712.76 710.21 733.87 711.19

155.50 29.70 23.30 710.38 708.59 710.07 690.84 728.59 712.76 710.23 733.94 711.26

156.00 29.80 23.30 710.30 708.61 710.02 690.51 72837 712.74 710.21 733.79 711.28

156.60 29.60 23.30 710.38 708.68 710.07 690.53 728.59 712.74 710.23 733.89 711.26

157.10 29.70 23.30 710.35 708.63 710.04 690.68 728.57 712.79 710.23 733.94 711.19

157.60 29.70 23.30 710.35 708.68 709.99 690.25 728.43 712.74 710.19 733.63 711.12

158.10 3.90 9.50 710.21 708.56 709.76 647.84 727.40 712.64 709.40 731.49 708.35

158.60 14.10 33.30 708.75 706.87 705.56 619.62 719.62 710,93 700.67 720.96 695.05

159.10 19.40 55.20 705.41 702.46 697.84 599.71 712.69 706.25 689.01 712.72 679.51

159.60 18.10 61.20 701.12 696.41 689.18 546.98 708.71 700.15 679.08 709.11 669.07

160.10 14.00 53.80 696.39 689.72 676.95 449.40 705.46 693.41 665.59 706,82 657.66

160.60 12.10 59.80 690.87 680.79 664.24 344.39 700.89 684.33 649.55 702.60 635.37

161.10 11.30 64.90 664.42 673.27 657.66 311.8g 694.86 676.64 639.32 696.67 623.21

161.60 10.50 53.70 678.04 666.35 647.51 287.28 688.58 669.62 625.56 690.46 612.63

162.10 9.90 43.80 671.68 659.69 632.66 253.62 682.21 662.77 609.85 664.19 599.57

162.70 9.50 44,20 665.40 653.61 617.60 227.11 675.69 655.98 592.02 677.63 582.27

163.20 10.10 30.10 659.50 647.96 602.70 196.18 669.38 647.04 573.34 671.11 566.86

163.70 11.00 25.10 654.61 634.10 587.06 150.43 663.36 634.48 549.72 664.76 544.68

164.20 13.50 20.00 652.78 620.10 572.26 118.27 658.51 621.06 529.36 659.12 525.51

164.70 14.50 14.40 652.50 606.81 558.69 115.40 654.35 607.99 510.18 654.65 507.67

165.20 11.40 6.60 647.25 594.30 545.90 103.59 649.10 595.59 491.14 650.23 490.25

165.70 0.00 9.70 616.07 578.91 533.51 98.57 638.40 582.15 474.39 642.53 473.00

166.20 0.00 7.50 582.13 554,47 516.54 98.50 619.13 561.41 457.15 627.92 456.28

166.70 0.00 0.00 556.58 531.84 498.02 98.62 597.45 540.39 438.72 611.22 440.85

167.20 0.00 1.30 535.01 511.80 480.81 98.77 578.39 521.21 422.34 595.24 424.71

167.70 0.00 0.00 515.96 493.84 464.82 98.86 561.34 503.66 405.39 580.39 408.63

Table C6, Experiment 6, AI-10%Cu, 0.045% refiner, cooled from the top.

TIME TP BP T1 T2 T3 T4 T5 T6 T'/ T8 T9

129.70 25.40 29.80 685.18 690.82 685.04 683.66 697.81 690.89 694.03 724.62 715.15

130.20 25.40 29.90 685.16 690.77 664.97 684.07 697.84 690.87 694.03 724.64 715.32

130.70 25.40 30.00 685.09 690.75 684.95 683.59 697.79 690.82 693.98 724.76 715.25

131.20 25.40 30.00 685.09 690.72 664.97 683.71 697.81 690.77 693.98 724.88 715.41

131.70 25.40 30.00 685.11 690.68 684.90 684.09 697.86 690.77 694.0I 725.15 715.63

132.20 25.40 30.00 685.11 690.70 684.92 683.76 697.91 690.77 694.03 725.27 715.72

132.70 25.40 30.00 685.09 690.70 684.95 683.74 697.96 690.79 694.05 725.50 715.87

133.20 25.30 29.90 685.18 690.72 664.97 684.14 698.05 690.84 694.12 725.55 716.11

133.70 25120 29.90 685.23 690.75 664.99 683.85 698.05 690.87 694.12 725.65 716.15

i34.20 25.20 29.80 685.26 690.82 685.04 683.88 698.12 690.89 694.17 725.62 716.23

134.70 25.10 29.80 685.30 690.84 685.11 664.14 698.15 690.94 694.22 725.67 716.25

135.20 25.00 29.70 685.28 690.91 685.09 683.74 698.15 690.98 694.22 725.50 716.08

135.80 0.00 0.00 685.37 690.89 685.18 664.33 698.17 691.01 694.27 725.43 716.20

136.30 13.00 15.30 679.77 690.63 685.18 683.40 695.00 690.63 693.43 717.66 711.21

136.80 21.70 35.80 676.21 689.13 683.83 682.45 689.91 688.96 691.32 709.28 704.22

137.30 12.70 22.80 672.22 687.04 682.24 681.05 685.87 686.49 690.06 706.25 704.84

137.80 14.20 17.10 668.43 684.71 680.32 679.86 681.84 683.69 688.63 700.62 703.48

138.30 16.40 28.30 666.18 681.74 677.80 677.63 676.92 680.67 685.64 694.12 697.46
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138.80 15.10 32.90 662.94 678.87 675.14 674.69 673.32 677.56 682.78 689.77 693.08

139.30 13.10 26.40 659.76 676.00 672.56 672.79 669.52 674.45 680.65 685.52 691.58

139.80 13.60 24.40 656.40 673.20 670.11 670.40 665.64 671.44 678.27 680.55 688.94

140.30 13.10 27.80 653.30 670.45 667.56 667.93 662.08 668.53 675.59 676.23 684.92

140.80 12.50 26.80 650.14 667.53 664.85 665.28 658.67 665.52 672.84 672.11 681.88

141.30 12.20 24.30 646.92 664.59 662.13 662.34 655.29 662.46 670.14 668.01 679.10

141.90 11.50 23.80 643.97 661.68 659.34 660.10 652.05 659.48 667.29 664.21 675.83

142.40 11.30 24.60 641.04 658.77 656.55 657.07 648.81 656.50 664.33 660.28 672.25

142.90 11.40 24.60 638.44 655.81 653.68 654.09 645.74 653.54 661.40 656.50 668.79

143.40 12.10 23.40 636.74 653.02 650.96 651.67 643.26 650.82 658.53 653.23 665.75

143.90 11.60 23.60 635.49 650.44 648.20 648.62 641.30 648.32 655.67 650.77 662.42

144.40 12.50 24.00 634.71 648.10 645.60 646.21 639.74 646.09 652.95 648.46 659.24

144.90 12.60 23.20 633.82 645.95 643.14 643.50 638.35 644.06 650.49 646.52 656.55

145.40 12.80 23.90 632.97 643.97 640.83 641.32 637.05 642.27 648.17 644.70 653.71

145.90 12.50 23.50 631.72 642.24 638.75 638.89 635.78 640.66 646.09 643.02 651.41

146.40 12.20 23.40 630.68 640.62 636.96 637.00 634.43 639.22 644.16 641.32 649.19

146.90 11.90 23.80 629.64 639.20 635.28 635.54 632.92 637.97 642.41 639.53 647.06

147.40 11.60 23.30 628.42 637.90 633.77 633.5I 631.51 636.86 640.80 637.73 645.27

148.00 11.90 24.00 627.26 636.86 632.33 632.07 630.09 635.87 639.41 635.85 643.47

148.50 11.40 23.60 626.20 635.89 631.10 630.99 628.68 635.00 638.16 634.22 642.03

149.00 11.50 24.00 624.88 635.04 630.07 629.43 627.24 634.19 637.03 632.40 640.62

149.50 11.70 24.70 623.82 634.34 629.12 628.77 625.87 633.44 636.04 630.80 639.25

150.00 11.80 25.60 622.43 633.58 628.13 627.50 624.48 632.61 635.12 629.01 638.02

150.50 10.70 24.60 621.11 632.85 627.35 626.74 623.09 631.76 634.31 627.61 637.22

151.00 12.00 24.20 619.91 631.95 626.48 625.85 621.72 630.68 633.49 625.70 636.27

151.50 10.70 24.00 618.54 631.08 625.70 624.83 620.33 629.45 632.59 624.31 635.28

152.00 11.10 24.00 617.24 630.16 624.81 624.13 618.94 628.11 631.69 622.66 634.22

152.50 11.10 23.90 615.88 629.19 624.01 623.09 617.50 626.81 630.77 621.01 633.18

153.00 11.00 24.20 614.56 628.46 623.14 622.50 616.07 625.54 629.97 619.46 632.17

153.50 10.20 25.20 613.12 627.59 622.43 621.39 614.63 624.29 629.17 617.88 631.03

154.10 10.30 25.80 611.76 626.65 621.74 620.76 613.17 623.04 628.42 616.30 630.04

154.60 10.10 25.00 610.30 625.61 621.01 619.93 611.73 621.84 627.68 614.68 629.36

155.10 10.00 25.40 609.03 624.43 620.19 619.32 610.32 620.57 626.91 613.12 628.39

155.60 10.10 25.50 607.57 623.30 619.46 618.30 608.91 619.32 626.06 611.55 627.50

156.10 9.70 25.30 606.23 622.00 618.54 617.41 607.45 618.00 625.19 609.95 626.55

156.60 10.00 25.20 605.05 620.85 617.90 616.82 606.64 616.75 624.31 608.37 625.59

157.10 9.50 25.40 603.59 619.60 617.01 615.88 604.67 615.43 623.35 606.84 624.50

157.60 9.40 25.30 602.11 618.28 616.11 614.94 603.29 614.11 622.38 605.38 623.51

158.10 9.50 24.70 600.84 616.99 615.13 614.37 601.90 612.77 621.34 604.01 622.50

158.60 9.50 25.40 599.45 615.64 614.18 613.10 600.56 611.48 620.24 602.39 621.23

159.10 9.10 25.00 597.99 614.30 613.15 612.39 599.12 610.09 619.11 601.12 620.07

159.70 9.30 24.90 596.61 612.94 612.32 611.45 597.71 608.70 618.00 599.43 618.94

160.20 8.70 25.50 595.29 611.69 611.29 610.49 596.35 607.38 616.87 598.02 617.67

160.70 9.20 24.10 593.90 610.20 609.87 609.66 594.91 606.01 615.62 596.65 616.61

161.20 9.30 22.90 592.47 608.77 608.46 608.23 593.50 604.65 614.28 595.01 615.48

161.70 8.40 23.80 591.03 607.26 606.93 606.98 592.07 603.19 612.77 593.50 613.71

162.20 8.70 23.90 589.72 605.69 605.38 605.43 590.59 601.73 611.22 592.14 612.11

162.70 8.30 22.80 588.17 604.13 603.69 603.73 589.06 600.30 609.66 590.54 610. 72

163.20 8.10 23.20 586.52 602.44 602.01 601.71 587.51 598.70 607.92 588.82 608.86
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163.70 8.20 23.10 585.06 600.74 600.23 600.23 585.91 597.10 606.13 587.27 606.98

164.20 8.10 23.00 583.37 598.96 598.35 598.06 584.31 595.45 604.30 585.56 605.12

164.70 8.00 22.10 581.75 597.15 596.49 596.44 582.69 593.76 602.46 583.84 603.38

165.20 7.80 21.70 580.06 595.22 594.54 594.54 580.97 592.02 600.51 582.10 601.50

165.80 7.30 21.20 578.18 593.27 592.51 592.44 579.24 590.23 598.51 580.46 599.50

166.30 6.70 21.40 576.39 591.32 590.52 590.49 577.56 588.33 596.44 578.88 597.36

166.80 6.70 21.50 574.59 589.22 588.42 588.33 575.67 586.40 594.32 577.03 595.17

167.30 7.00 20.80 572.64 587.15 586.29 586.10 573.83 584.48 592.21 575.08 593.13

167.80 8.20 20.40 570.64 585.13 584.15 583.72 572.00 582.57 5g0.07 572.73 591.03

168.30 8.10 20.60 568.81 583.02 582,06 581.61 570.17 580.60 587.88 570.92 588.73

168.80 6.70 20.60 566.81 580.81 579.73 579.40 568.25 578.48 585.63 569.37 586.45

169.30 5.70 20.50 564.72 578.58 577.43 576.89 566.25 576.32 583.37 567.24 584.17

169.80 6.80 19.40 562.56 576.28 575.03 574.59 564.16 574.14 581.09 564.86 582.03

170.30 5.80 19.30 560,47 573.93 572.68 572.40 561 .g8 571.91 578.79 563.15 579.68

170.80 6.20 19.00 558.20 571.58 570.29 569.94 559.77 569.70 576.46 560.52 577.40

171.30 6.60 18.20 556.04 569.18 567.85 567.85 557.61 567.47 574.16 558.57 575.17

171.80 4.80 17.80 553.76 566.81 565.43 565.38 555.38 565.24 571.81 556.44 572.85

172.40 6.10 18.40 551.46 564.39 562.99 562.99 553.17 562.92 569.40 553.79 570.26

172.90 5.50 17.70 549.30 561.98 560.52 560.83 550.92 560.57 567.05 551.86 567.99

173.40 4,40 17.60 546.91 559.51 558.03 558.41 548.67 558,24 564.68 549.72 565.57

173.90 5.80 18.20 544.91 557.07 555.55 556.09 546.42 555.90 562.24 547.28 562.96

174.40 5.90 17.30 543.58 554.77 553.10 553.41 544.47 553.60 559.79 544.89 560.68

174.90 6.10 17.10 542.73 552.80 550.80 551.18 542.90 551.49 557.45 543.58 558.27

175.40 7.90 17.90 541.82 551.04 548.79 548.79 541.56 549.63 555.15 542.00 555.76

175.90 7.00 17.90 540.43 549.58 547.07 546.35 540.29 548.01 553.10 540.39 553.69

176.40 4.70 17.20 539.05 548.46 545.57 544.44 538.84 546.56 551.30 539.66 552.02

176.90 6.80 18.40 537.62 547.71 544.37 542.66 537.34 545.38 649.70 537.57 550.12

177.40 5.60 18.70 536.02 547.17 543.95 541.37 535.81 544.16 548.41 536.49 548.74

177.90 5.60 19.30 534.43 547.14 544.23 540.20 534.17 542.94 547.6I 534.31 647.82

178.50 4.70 19.80 533.11 546.93 544.28 539.63 532.52 641.72 547.05 533.35 547.14

179.00 7.30 20.90 531.89 546.58 544.35 539.05 531.02 540.64 546.56 531.02 546.42

179.50 5.80 20.40 530.76 545.71 544.42 538.51 529.66 539.61 546.09 529.73 546.09

180.00 4.90 20.40 529.76 544.68 544.37 538.25 528.42 538.70 545.71 529.10 545.67

180.50 6.20 20.80 528.63 543.27 544.19 537.76 527.25 537.78 545.24 527.25 645.13

181.00 3.60 20.40 527.53 542.05 544.00 537.31 526.03 536.75 544.66 526.68 544.68

181.50 5.60 19.90 526.38 540.85 543.51 536.70 524.76 535.67 543.95 524.62 544.05

182.00 5.10 17.80 525.11 537.95 537.12 535.60 523.47 534.59 542.59 524.38 543.11

182.50 1.80 13.00 522.39 533.44 531.75 532.97 521.73 532.71 539.87 522.79 641.30

183.00 3.60 13.50 519.48 529.85 528.00 529.99 519.29 530.11 536.65 520.23 537.85

183.50 2.80 15.50 516.52 526.78 524.73 526.64 516.45 527.27 533.28 517.27 533.98

I84.00 4.10 15.90 513.78 523.75 521,68 523.56 513.49 524.36 530.08 514.01 530.69

184.60 2.80 15.00 511.08 520.84 518.75 520.65 510.58 521.43 527.10 511.64 527.86

185.10 3.60 14.10 508.33 517.93 515.82 517.77 507.63 518.49 524.22 508.35 525.13

185.60 2.80 14.30 505.54 515.09 513.05 514.93 504.74 515.68 521.36 505.42 522.15
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TIME

142.40

142.90

143.40

143.90

144.40

144.90

145.40

145.90

146.40

146.90

147.40

147.90

148.40

149.00

149.50

150.00

150.50

151.00

151.50

152.00

152.50

153.00

153.50

154.00

154.50

155.10

155.60

156.10

156.60

157.10

157.60

158.10

158.60

159.10

159.60

160.10

160.60

161.20

161.70

162.20

162.70

163.20

163.70

164.20

164.70

165.20

165.70

Table C7, Experiment 7, AI-10%Cu, 0.067%
TP BP T1 T2 T3

25.60 27.00 685.49 685.26 685.02

25.60 27.00 685.52 685.26 684.97

25.60 27.00 685.49 685.26 685.02

25.50 27.00 685.42 685.28 684.99

25.60 27.10 685.37 685.18 684.92

25.70 27.20 685.30 685.14 684.83

25.70 27.30 685.23 685.09 684.80

25.80 27.30 685.21 685.02 684.78

25.80 27.30 685.21 684.99 684.73

25.70 27.30 685.16 685.02 684.76

25.70 27.40 685.21 685.02 684.83

25.70 27.30 685.21 685.04 664.88

25.60 27.30 685.28 685.16 684.90

25.50 27.20 685.37 685.14 684.99

25.50 27.10 685.42 685.23 685.02

25.40 27.10 685.42 685.26 685.07

25.20 27.10 685.49 685.26 685.07

25.30 27.10 685.42 685.30 685.02

25.20 27.10 685.40 685.26 685.04

25.30 27.10 685.40 685.23 685.04

25.30 27.20 685.37 685.16 684.99

25.30 27.20 685.35 685.14 684.99

25.30 27.20 685.28 685.14 684.97

25.30 27.20 685.23 685.09 684.88

25.30 27.30 685.23 685.09 684.90

25.30 27.30 685.23 685.02 664.88

25.40 27.30 685.23 685.07 684.88

25.30 27.30 685.23 685.04 684.85

0.00 0.10 685.07 685.07 684.90

6.60 5.90 682.57 664.19 684.26

19.50 19.10 678.84 681.48 681.79

19.60 24.50 674.57 677.70 678.30

14.30 22.20 670.71 674.03 675.12

11.40 17.80 667.25 670.64 672.46

13.80 16.50 663.84 667.56 669.74

12.70 17.90 659.81 664.24 666.77

8.80 18.20 655.50 660.83 663.98

4.90 17.20 648.58 655.84 660.26

3.70 16.20 642.34 650.51 656.19

6.50 16.30 636.44 645.39 651.89

9.80 16.20 631.98 640.05 647.44

13.50 15.70 630.94 636.25 642.86

12.00 15.90 630.28 634.41 639.32

6.10 16.20 629.22 632.68 636.39

5.30 17.00 627.64 630.77 633.91

8. O0 17.30 625.33 628.89 631.58

8.40 17.50 622.97 627.66 629.57

refiner, cooled

T4 T5

676.00 695.72

676.30 695.39

676.45 695.12

676.38 694.98

676.21 694.84

676.23 694.81

676.19 694.79

676.02 694.77

676.02 694.74

676.04 694.77

676.16 694.86

676.04 694.86

676.14 694.93

676.38 695.03

676.28 694.96

676.23 694.93

676.38 694.96

676.23 694.86

676.33 694.86

676.19 694.81

676.09 694.74

676.26 694.79

676.04 694.62

676.07 694.60

676.16 694.60

676.00 694.51

676.11 694.58

676.16 694.60

676.14 694.60

675.57 691.25

672.68 684.64

669.43 679.56

666.65 676.14

664.95 672.51

662.79 668.31

660.24 663.72

657.11 659.12

654.68 653.04

651.84 646.19

647.84 639.60

643.14 634.29

639.15 631.53

635.07 629.97

631.62 627.78

628.72 625.07

626.15 621.77

623.89 618.38

from the top.
16 T7 18 T9

689.22 691.44 704.79 694.17

689.22 691.82 704.56 694.22

689.20 691.75 704.53 694.20

689.13 691.67 704.39 694.15

689.03 691.60 704.15 694.08

688.96 691.56 704.20 694.03

688.92 691.51 704.20 694.01

688.84 691.53 704.06 694.01

688.82 691.51 704.13 694.05

688.80 691.51 704.25 694.15

688.82 691.60 704.44 694.22

688.84 691,67 704.32 694.34

688.92 691.77 704.46 694.46

689.01 691.82 704.70 694.51

689.03 691.84 704.46 694.51

689.06 691.84 704.32 694.48

689.11 691.82 704.44 694.48

689.06 691.79 704.15 694.43

689.06 691.77 704.25 694.36

689.03 691.75 704.01 694.31

688.99 691.70 703.91 694.27

688.96 691.70 704.13 694.24

688.92 691.63 703.84 694.24

688.87 691.60 703.84 694.20

688.87 691.56 704.01 694.17

688.82 691.53 703.84 694.20

688.82 691.58 703.98 694.24

688.82 691.60 704.03 694.29

668.82 691.63 704.01 694.31

688.18 689.82 698.67 691.20

685.61 685.30 688.42 684.00

681.76 681.36 683.09 679.15

677.99 678.91 680.74 677.35

674.83 677.02 677.61 676.38

671.68 674.50 672.39 674.12

668.38 671.37 667.82 670.78

664.90 668.38 663.98 667.72

660.54 665.42 658.60 665.00

655.46 661.92 651.74 661.70

650.21 657.85 644.09 657.63

645.34 653.61 637.69 653.49

640.99 649.19 633.86 649.14

638.66 645.27 632.59 645.17

636.58 641.98 631.65 641.84

634.55 639.25 628.89 638.96

632.45 636.70 624.71 636.39

630.77 634.53 621.09 634.15
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166.20 6.20 17.70 620.59 626.77 628.18 622.00 615.13 629.48 632.87 618.16 632.50

166.70 4.80 18.10 618.33 625.70 627.40 620.73 612.04 628.11 631.88 615.22 631.41

167.30 5.40 19.20 615.97 624.34 626.91 619.81 608.82 626.67 631.20 611.71 630.63

167.80 5.80 20.40 613.64 622.71 626.34 619.15 605.66 624.90 630.61 608.30 629.81

168.30 5.40 21.10 611.38 621.01 625.63 618.56 602.79 623.02 629.93 605.33 629.03

168.80 5.00 21.10 609.14 619.04 624.83 617.98 600.20 620.92 629.29 602.72 628.46

169.30 4.50 21.30 606.89 616.94 624.01 617.36 597.69 618.80 628.68 600.18 627.87

169.80 4.40 21.00 604.63 614.89 622.97 616.68 595.19 616.77 627.94 597.57 627.21

170.30 4.20 21.00 602.39 612.84 621.79 615.90 592.70 614.80 626.98 594.94 626.29

170.80 4.10 21.00 600.18 610.79 620.35 615.03 590.30 612.82 625.89 592.44 625.21

171.30 3.90 21.20 597.99 608.72 618.78 614.14 587.98 610.79 624.64 590.02 624.03

171.80 3.70 20.70 595.90 606.63 617.13 613.19 585.70 608.72 623.32 587.72 622.78

172.30 3.50 20.80 593.78 604.58 615.48 612.13 583.47 606.74 621.93 585.42 621.49

172.80 3.20 20.10 591.71 602.51 613.67 610.77 581.26 604.72 620.33 583.11 620.02

173.30 3.30 19.40 589.62 600.42 611.57 609.07 579.07 602.70 618.45 580.86 618.26

173.90 3.00 19.30 587.55 598.27 609.31 607.12 576.91 600.56 616.37 578.63 616.28

174.40 2.90 18.50 585.39 596.04 606.86 605.03 574.73 598.35 614.16 576.37 614.18

174.90 2.50 17.50 583.25 593.69 604.30 602.77 572.57 596.06 611.85 574.16 612.09

175.40 2.40 16.60 580.95 591.24 601.54 600.37 570.31 593.74 609.38 571.91 609.76

175.90 2.30 16.30 578.58 588.68 598.67 597.69 568.01 591.29 606.51 569,49 606.93

176.40 2.10 16.20 576.16 586.03 595.62 594.82 565.64 588.68 603.40 567.09 603.78

176.90 1.80 16.20 573.55 583.18 592.44 591.74 563.17 585.96 600.25 564.58 600.63

177.40 1.60 15.70 570.83 580.22 589.18 588.68 560.62 583.11 597.10 562,02 597.57

177.90 1.30 15.00 567.94 577.15 585.82 585.56 557.94 580.20 594.02 559.35 594.58

178,40 1.00 14.00 564,93 573.93 582.34 582.50 555.15 577.19 590.96 556.51 591.69

178.90 0.90 13.00 561.86 570.64 578.74 579.40 552.26 574.12 587.74 553.55 588.61

I79.40 0.70 12.60 558.69 567.26 575.13 576.21 549.28 570.95 584.29 550.57 585.20

180.00 0.60 12.50 555.40 563.81 571.44 572.82 546.28 567.68 580.81 547.50 581.68

180.50 0.30 12.00 552.02 560.24 567.68 569.49 543.11 564.32 577.36 544.40 578.25

181.00 0.20 11.30 548.58 556.65 563.88 566.16 539.87 560.90 573.88 541.16 574.87

181.50 1.50 11.30 547.26 553.76 560.17 562.75 537.08 557.61 570.31 537.95 571.30

182.00 2.80 11.20 645.74 551.32 556.88 559.42 534.80 554.65 566.79 535.32 567.71

182.50 1.40 9.80 544.21 549.26 554.37 556.20 532.85 552.28 563.24 533.72 564.39

183.00 0.00 9.90 642.26 547.12 551.77 553.03 530.84 549.80 560.12 532.03 561.13

183.50 0.20 10.70 539.63 545.15 549.21 549.87 528.44 547.24 557.00 529.64 557.80

184.00 0.90 11.30 536.91 543.60 547.03 546.91 525.64 544.75 554.09 526.78 554.72

164.50 1.20 12.10 534.00 542.03 545.15 544.16 523.21 542.33 551.46 524.10 551.93

185.00 0.60 12.40 531.23 539.75 543.95 541.72 520.60 539.87 549.19 521.57 549.58

185.50 0.10 12.80 528.79 537.17 543.86 539.80 518.07 537.55 547.45 519.08 547.71

186.00 0.30 13.80 526.33 534.61 543.62 538.34 515.58 535.25 546.04 516.43 546.09

186.60 0.60 14.70 523.82 532.08 542.38 537.03 513.09 532.99 544.73 513.87 544.61

187.10 0.30 14.40 521.45 529.78 539.92 535.95 510.68 530.64 543.58 511.45 543.48

187.60 O.10 12.60 519.03 526192 534.82 534.80 508.35 528.70 542.22 509.15 542.52

188.10 0.10 7.60 514.67 521.05 526.54 532.08 505.80 525.77 539.33 506.87 540.60

188.60 0.00 4.60 509.88 515.93 521.05 528.47 502.65 522.11 535.39 504.36 537.15

189.10 0.00 4.70 505.47 511.38 516_26 524.15 499.29 518.16 530.62 501.62 532.27

189.60 0.00 6.00 501.24 507.02 511.71 519.43 495.86 514.06 525.46 498.78 526.73
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"_me

149.6

150.1

150.6

151.1

151.6

152.1

152.6

153.2

153.7

154.2

154.7

155.2

155.7

156.2

156.7

157.2

157.7

158.2

158.7

159.2

159.8

160.3

160.8

161.3

161.8

162.3

162.8

163.3

163.8

164.3

164.8

165.3

165.9

166.4

166.9

167.4

167.9

168.4

168.9

169.4

169.9

170.4

170.9

171.4

172

172.5

173

173.5

174

174.5

Table

BP

24.7

24.7

24.7

24.8

24.9

25.1

25.2

25.4

25.7

25.8

26

26.1

26.2

26.2

26.2

26.2

26.1

26.1

26

25.8

25.7

25.6

25.4

25.3

25.2

25.1

25.1

25.1

25

25

25

25.1

25.1

25.2

25.2

25.4

25.3

25.4

25.5

25.5

25.4

25.4

25.4

25.3

25.2

25

25.1

25

25

24.9

C8, Experiment 8, AI-1%Cu, 0.45% refiner,
TP T1 T2 T3 T4

28.6 710.52 710.85 710.35 707,25

28.5 710.52 710,85 710,4 707.42

28.5 710.5 710.78 710.38 707,54

28.7 710,35 710.66 710.26 707.04

28.8 710,28 710.57 710,09 707.35

29.1 710.09 710.42 709.92 706.99

29.2 709.97 710.21 709.76 706.75

29.4 709.83 710.09 709.64 706.87

29.6 709.64 709.92 709.47 706.27

29.9 709.52 709.78 709.35 706.34

30 709.45 709.66 709.21 706.44

30.2 709.35 709.56 709.18 705.94

30.3 709.35 709.52 709.14 706.03

30.3 709.4 709.54 709.18 706.49

30.3 709.35 709.56 709.16 706,15

30.3 709.52 709.64 709.21 706.44

30.4 709.56 709.71 709.33 706.65

30.2 709.59 709.83 709.47 706.3

30.1 709.73 709.92 709.54 706.44

30 709.9 710.07 709.68 706.96

29.9 709.99 710.19 709.78 707.11

29,7 710.07 710.28 709.88 706.92

29.7 710.16 710.35 709.97 706.85

29.6 710.28 710.5 710.04 707.2

29.4 710.28 710.54 710.09 707.37

29.3 710.38 710.57 710.21 707.3

29.3 710.38 710.61 710.21 707.08

29.3 710.38 710.64 710.23 707.08

29.3 710.38 710.66 710.21 707.58

29.3 710.38 710.64 710.21 707.54

29.3 710.33 710.59 710.16 707.11

29.3 710.21 710.57 710.16 707.13

29.4 710.21 710.54 710.09 707.32

29.5 710.14 710.42 710.07 706.85

29.6 710.14 710.38 709.97 707.18

29.6 710.02 710.3 709.95 706.8

29.7 710.02 710.28 709.85 707.23

29.7 709.97 710.21 709.85 706.92

29.8 709.92 710.21 709.78 706.94

29.8 709.92 710.19 709.8 706.8

29.8 709.95 710.21 709.8 706.8

29.7 709.97 710.26 709.88 706.85

29.7 710.07 710.3 709.92 706.8

29.6 710.09 710.35 709.97 707.11

29.6 710.14 710.4 710.02 706.82

29.6 710.21 710.42 710.02 707.4_2

29.5 710.21 710.5 710.04 706,92

29.4 710.28 710.5 710.11 706.94

29.4 710.3 710.47 710.14 707.44

29.4 710.33 710.52 710.11 707.44

cooled from the top.
1"5 T6

717.78 714.77

717.64 714.77

717.49 714.75

717.3 714,6

717.16 714.48

716.94 714.29

716.8 714.12

716.68 713.96

716.56 713.81

716.51 713.67

716.47 713.57

716,47 713.5

716.51 713.48

716.61 713.48

716.68 713.5

716.78 713.6

716.9 713.67

716.99 713.77

717.09 713.86

717.23 714.03

717.33 714.12

717.4 714.24

717.44 714.32

717.49 714.41

717.54 714.48

717.52 714.55

717.52 714.55

717.44 714.58

717.42 714.58

717.4 714.55

717.33 714.51

717.25 714.46

717.23 714.43

717.11 714.34

717.09 714.29

717.04 714.22

717.04 714.2

717.01 714.15

717.04 714.1

717.06 714.12

717.11 714.12

717.16 714.17

717.23 714.22

717.33 714.27

717.37 714.29

717.42 714.39

717.42 714.39

717.42 714,41

717.44 714.46

717.44 714.46

3"7

716.56

716.49

716.42

716.25

716.18

715.96

715.82

715.65

715.51

715.39

715.34

715.27

715.27

715.34

715.37

715.51

715.61

715.7

715.8

715.94

716.06

716.15

716.2

716.3

716.35

716.42

716.42

716.39

716.42

716.39

716.35

716.25

716.25

716.13

716.13

716.06

716.01

715.99

715.96

715.99

716.04

716.06

716.08

716.13

716.18

716.23

716.2

716.23

716.27

716.25

T8

732.33

731.66

731.11

730.65

730.29

730.08

729.96

729.98

730.08

730.27

730.53

730.82

731.16

731.49

731.78

732.04

732.26

732.47

732.59

732.69

732.69

732.67

732.59

732.45

732.31

732.09

731.92

731.71

731,52

731.35

731.23

731.08

730.99

730.92

730.89

730.94

731.01

731.16

731.3

731.52

731.76

731.92

732.09

732,16

732.19

732.19

732.14

732.02

731.9

731.78

T9

732.59

731,83

731.08

730.51

730,05

729.69

729.48

729.38

729.46

729,55

729,79

730.15

730,53

730.92

731,3

731.71

732.04

732.31

732.55

732,67

732.69

732.71

732.67

732.59

732.52

732.43

732,26

732,09

731.88

731,71

731.52

731.3

731.13

731.01

730.99

731.01

731.11

731.25

731.44

731.68

731.95

732.09

732,14

732,12

732.09

732,09

731.97

731,88

731.78

731.68
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175 24.9 29.4 710.3 710.52 710.11 707.13 717.4 714.43 716.25 731.66 731.64

175.5 24.8 29.4 710.3 710.47 710.07 707.18 717.37 714.43 716.2 731.52 731.49

176 24.9 29.4 710.26 710.45 710.07 707.11 717.3 714.39 716.18 731.35 731.32

176.5 25 29.5 710.21 710.47 710.02 707.35 717.25 714.39 716.15 731.23 731.16

177 25 29.6 710.16 710.42 709.99 706.85 717.18 714.29 716.06 731.16 731.08"

177.5 25 29.7 710.14 710.35 709.95 707.23 717.16 714.29 716,06 731.13 731.01

178 25.1 29.7 710.07 710.33 709.92 706.7 717.09 714.22 715.96 731.08 731.04

178.6 25.1 29.7 710.07 710.23 709.88 707.13 717.06 714.17 715.99 731.11 731.08

179.1 25.2 29.8 709.99 710.23 709.85 706.63 717.04 714.12 715.92 731.18 731.16

179.6 25.2 29.9 709.95 710.26 709.73 706.63 717.04 714.1 715,89 731.25 731.28

180.1 25.2 30 709.92 710.21 709.76 706.92 717.04 714.1 715.89 731,3 731.37

180.6 25.2 29.9 709.92 710.21 709.73 706.92 717.04 714.08 715.92 731,35 731.49

181.1 25.2 29.9 709.95 710.16 709.78 707.16 717,06 714.12 715.94 731.4 731.56

181.6 25.2 30 709.9 710.23 709.73 706.77 717.04 714.08 715.92 731.42 731.64

182.1 25.2 30 709.95 710.23 709.76 706.94 717.04 714.1 715.94 731.42 731.66

182.6 25.2 30 709.97 710.19 709.76 706.89 717.06 714.1 715.92 731.47 731.73

183.1 25,2 30 709.99 710.23 709.78 707.25 717.09 714.15 715.99 731.47 731.8

183.6 25.2 30 709.99 710.26 709178 707.27 717.11 714.12 716.01 731.49 731.85

184.1 25.2 29.9 709.97 710.21 709.8 706.8 717.09 714.15 716.01 731.52 731.88

184.7 25.2 30 709.97 710.28 709.83 707.23 717.13 714.17 716.04 731.52 731.88

185.2 25.2 29.9 710.02 710.28 709.83 707.18 717.13 714.2 716.04 731.54 731.9

185.7 0.4 0.6 709.33 710.3 709.88 707.23 717.01 714.22 716.06 731.16 731.61

186.2 0.7 24.4 700.89 707.47 709.25 706.27 706.37 711.9 714,96 721.29 724.88

186.7 15 32.9 692.01 703.15 706.94 704.65 697.79 707.68 712.48 708.37 720,39

187.2 11.5 18.8 685.02 698.24 703.91 702.24 689.44 702.72 709.71 700.34 719.91

187.7 7.1 15.8 680.58 691.53 700.2 699.67 683.28 696.29 706.27 694.53 716.39

188.2 8.7 19.6 676.87 685.9 695.08 695,74 678.32 691.2 701.32 688.58 710.07

188.7 7.6 21.4 670.02 681.67 690.32 690.87 672.68 686.68 696.41 682.59 704.37

189.2 8.1 18.4 663.98 677.63 685.78 686.56 667.96 681.38 691.84 677.18 699.84

189.7 4 16.2 658.7 672.56 681.27 682.07 662.15 676.85 687.37 671.82 695.29

190.2 3.9 18 657.09 668.34 676.71 677.87 656.55 672.89 682.78 665.61 689.96

190.7 10 18.8 655.69 664.5 672.51 673.53 652.71 669.52 678.54 659.74 685.11

191.3 9.9 16.2 654.39 661.89 668.62 669.31 649.55 665,71 674.55 656.19 681.24

191.8 7.7 17.7 653.42 659.76 665.28 665.78 647.28 663.43 671,06 654.11 677.06

192.3 7.6 19.8 652.74 657.99 662.39 662.6 645.36 661.54 668.03 651.79 673.34

192.8 7.4 18.7 651.6 656.4 659.95 659.83 643.14 659.81 665.52 649.24 670.68

193.3 7.5 17.6 650.23 654.98 657.89 " 657.82 640.92 658.32 663.43 646.61 668.5

193.8 7.3 18.5 648.62 653.82 656.07 655.58 638.66 656.99 661.47 644.06 666.02

194.3 7.4 19.8 647.04 652.9 654,49 653.97 636.51 655.95 659.81 641.58 663.81

194.8 7.6 20.5 645.46 652.41 653.16 652.22 634.5 655.13 658.37 639,25 662.06

195.3 7.3 21.6 643.83 652.29 652.38 651.08 632.61 654.65 657.44 637.14 660.66

195.8 7.2 23.3 642.2 652.31 652.24 650.96 630.87 654.32 657.23 635.14 659.98

196.3 7.4 23.2 640.5 652.29 652.45 650.75 629.1 653.82 657.3 633.09 659.91

196.8 7.2 21.9 638.89 652.05 652.5 650.94 627.45 653.21 657.42 631.25 660.07

197.4 6.8 22.3 637.24 651.32 652.48 650.87 625.75 652.26 657.4 629.43 659.83

197.9 6.5 23.6 635.54 650.28 652.45 650.59 624.1 651.2 657.28 627.64 659.31

198.4 6.5 23 633.89 648.93 652.38 650.56 622,45 649.95 657.26 625.8 659.29

198.9 6.3 22.5 632.31 647.44 652.34 650.56 620.85 648.53 657.23 624.01 659.2

199.4 6 23.5 630.66 645.86 652.26 650.25 619.2 647.11 657.02 622.29 658.67

199.9 5.8 23.9 629.05 644.37 652.22 650.16 617.57 645.72 656.85 620.5 658.34

200.4 5.7 23 627.45 642.86 652.07 650.11 615.97 644.35 656.71 618.75 658.34

200.9 5.8 23.1 625.89 641.32 651.91 649.95 614.37 642.95 656.38 616.96 657.82
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201.4 5.6 24.3 624.43 639.79

201.9 5.4 22.7 622.99 638.25

202.4 5.2 23 621.53 636.72

202.9 5 23.3 620.02 635.19

203.4 4.9 23 618.56 633.65

204 5 21.2 617.15 632

204.5 4.9 20.3 615.5 630.47

205 4.4 19.2 613.83 628.44

205.5 4.1 16.3 611.9 625.92

206 3.7 14.1 609.47 622.71

206.5 2.9 14.5 606.53 618.96

207 2.3 15 602.96 614.72

207.5 1.6 13.3 599.17 610.39

208 1.2 12.7 595.24 605.8

208.5 0.6 10.8 590.89 600.86

209 0.1 10.2 586.36 595.92

209.5 O.1 10.8 581.7 590.99

210.1 0 10.4 577 586.05

210.6 0 8.8 572.24 580.88

211.1 0 8 567.49 575.74

211.6 0 8.5 562.87 570.71

212.1 0 8.5 558.08 565.76

212.6 0 7.6 553.32 560.8

213.1 0.1 6.6 548.58 555.92

213.6 0 6.7 543.93 551.16

214.1 0 6.8 539.33 546.46

214.6 0 6.2 534.78 541.75

215.1 0 5.6 530.3 537.12

215.6 0 5.3 525.84 532.57

216.1 0 5.5 521.45 528.09

216.6 0 5.3 517.13 523.66

217.1 0 4.9 512.91 519.29

217.7 0 4.4 508.64 514.97

218.2 0 4.3 504.46 510.7

218.7 0 4.4 500.37 506.5

651.67

651.22

650.35

649.19

647.77

646.21

644.13

641.3

637.38

632.64

627.38

622.17

618.28

612.58

607.07

601.69

596.68

591.81

586.38

580.93

575.69

570.55

565.5

560.57

555.69

550,87

546.16

541.44

536.84

532.29

527.76

523.35

518.99

514.67

510.37

649.76

649.47

649.43

648.81

648.13

646.64

644.65

642.17

638.68

634.53

630.04

625.28

620.92

616.99

612,37

607.47

602,77

597.92

593,34

588.66

583.65

578.86

574.09

569.33

564.61

560.05

555.4

550.78

546.28

541.72

537.31

532.88

528.56

524.29

520.04

612.77

611.24
609.76

608.23

606.72

605.19

603.66

602.04

600.32

598.35

596.02

593.31

590.12

586.59

582.71

578.51

574.09

569.56

564.93

560.12

555.05

550.26

545.64

541.14

536.75

532.48

528.25

524.05

519.97

515.91

511.9

508

504.13

500.25

496.5

641.54

640.12

638.7

637.29

635.85

634.34

632.76

630.96

628.77

625.99

622.69

618.99

615.03

611

606.7

602.2

597.57

592.82

588.02

583.16

578.25

573.34

568.46

563.62

558.85

554.18

549.51

544.94

540.41

535.95

531.54

527.15

522.88

518.63

514.43

655.93

655.32

654,63

653.61

652.52

651.13

649.31

646.9

643.69

639.74

635.4

630.92

626.6

622.29

617.48

612.51

607.54

602.6

597.78

592.84

587.77

582.76

577.8

572.92

568.03

563.24

556.48

553.76

549.14

544.52

539.96

535.43

531.02

526.66

522.32

615.24

613.59

612.04

610.42

608.79

607.14

605.54

603.92

602.13

600.2

597.92

595.22

592.11

588.59

584.71

580.53

576.14

571.63

567.19

562.77

556.24

553.95

549.8

545.78

541.89

538.09

534.33

530.62

527.0I

523.42

519.88

516.36

512.95

509.55

506.17

657.11

656.73

655.93

654.75

653.71

652.57

650.85

648.53

645.76

642.15

637.55

632.87

628.75

624.43

619.88

614.89

609.62

604.7

600.02

595.1

589.83

584.69

579.82

574.98

569.98

565.01

560.24

555.57

550.9

546.16

541.54

537.05

532.6

528.09

523.68
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TIME

148.90

149.40

149.90

150.40

150.90

151.40

151.90

152.50

153.00

153.5O

154.00

154.50

155.00

155.50

156.00

156.50

157.00

157.50

158.00

158.50

159.00

159.60

160.10

160.60

161.10

161.60

162.10

162.60

163.10

163.60

164.10

164.60

165.10

165.60

166.20

166.70

167.20

167.70

168.20

168.70

169.20

169.70

170.20

170.70

171.20

171.70

172.30

Table C9, Experiment 9, AI-1%Cu, 0.67 refiner, cooled from the top.

TP BP Yl T2 TO T4 T5 T6 T7 T8

27.00 27.50 710.38 715.27 709.95 702.03 725.41 714.91 717.11 728.76

27.00 27.50 710.35 715.25 709.99 701,98 725.36 714.94 717.13 728.71

27.00 27.60 710.33 715.25 709.99 701.77 725.31 714.89 717.09 728.57

27.00 27.60 710.30 715.25 709.97 701.62 725.29 714.89 717.11 728.55

27.00 27.60 710.30 715.22 709.97 702.03 725.29 714.89 717.11 728.62

27.00 27.50 710.33 715.20 709.97 701.62 725.22 714.86 717.06 728.50

27.00 27.50 710.30 715.22 709.97 701.65 725.19 714.84 717.09 728.45

27.00 27.60 710.30 715.22 709.97 701.96 725.19 714.84 717.09 728.47

27.00 27.50 710.26 715.20 709.92 701.82 725.17 714.82 717.09 728.43

27.00 27.60 710.26 715.18 709.95 701.62 725.17 714.82 717.11 728.47

26.90 27.50 710.26 715.20 709.97 701.82 725.19 714.86 717.13 728.55

26.90 27.60 710.26 715.20 709.97 701.74 725_19 714.84 717.13 728.52

26.90 27.60 710.26 715.22 709.95 701.93 725.19 714.86 717.13 728.55

26.90 27.60 710.28 715.25 710.02 701.70 725.17 714.84 717.13 728.43

26.90 27.60 710.26 715.22 709.99 702.08 725.19 714.86 717.13 728.47

26.90 27.60 710.26 715.25 710.02 702.05 725.17 714.86 717.13 728.43

26.80 27.50 710.28 715.20 709.99 702.13 725.12 714.86 717.11 728.40

26.90 27.60 710.21 715.20 709.99 701.72 725.00 714.82 717.09 728.21

26.90 27.60 710.16 715.18 709.95 701.91 724.98 714.79 717.06 728.23

0.50 0.10 700.15 714.43 709.83 701.65 724.62 714.58 716.92 727.90

8.80 8.80 684.52 711.35 708.04 700.15 717.16 712.29 714.00 718.19

12.00 20.10 675. O0 704.77 703.87 696.12 706.44 706.54 708.49 706.70

11.40 21.90 675.28 697.50 698.36 691.94 697.60 699.46 703.17 698.00

10.20 16.30 667.37 691.27 693.01 687.82 690.37 693.05 698.58 691.01

8.70 15.20 664.78 685.85 688.37 683.76 683.55 687.63 694.29 684.52

8.60 14.30 657.30 680.77 683.62 680.13 677.44 682.40 689.70 678.37

8.50 14.10 655.29 675.55 678,91 675.95 671.63 677.23 684.99 672.53

8.20 13.70 652.43 670.83 674.29 671.61 666.39 672.46 680.34 667.37

7.70 13.60 651.18 666.61 669.62 667.44 661.40 667.48 675.62 662.39

7.90 14.40 650.47 663.76 665.54 663.22 656.50 664.36 671.18 657.37

8.60 14.70 649.88 661.42 661.87 659.74 652.67 661.37 667.41 653.33

9.60 15.00 649.12 659.76 658.94 656.36 649.66 659.22 664.24 650.02

10.00 15.60 648.39 658.23 656.45 653.73 647.28 657.33 661.59 647.54

10.10 16.30 647.42 657.09 654.32 651.37 645.15 655.76 659.29 645.39

10.00 17.50 646.35 656.50 652.64 649.47 643.33 654.70 657.42 643.59

10.10 17.90 645.27 656.38 651.53 647.99 641.61 654.13 656.17 641.82

10.10 17.90 644.04 656.29 650.89 646.85 640.02 653.73 655.48 640.19

10.10 18.50 642.86 656.12 650.77 646.50 638.77 653.35 655.29 638.96

10.20 19.80 641.56 656.05 650.89 646.33 637.45 652.97 655.27 637.62

10.20 20.80 640.17 655.79 650.94 646.19 636.13 652.48 655.24 636.27

10.00 21.10 638.73 655.08 650.99 646.24 634.88 651.84 655.36 635.02

10.00 20.90 637.26 654.06 651.01 646.40 633.63 651.03 655.50 633.79

10.00 20.80 635.78 652.90 651.01 646.45 632.31 650.11 655.55 632.47

10.00 21.10 634.29 651.58 650.99 646.33 630.96 649.00 655.48 631.10

10.00 21.90 632.85 650.21 650.94 646.24 629.67 647.87 655.39 629.78

9.50 22.50 631.43 648.86 650.89 646.31 628.39 646.78 655.34 628.60

9.80 22.50 630.00 647.49 650.85 646.14 627.07 645.67 655.27 627.24

T9

718.35

718.35

718.33

718.31

718.33

718.33

718.31

718.31

718.33

718.35

718.38

718.40

718.38

718.38

718.40

718.40

718.38

718.33

718.28

718.50

713.79

706.08

700.58

696.86

693.22

688.89

664.28

679.72

675.07

670.54

666.73

663.53

660.81

658.39

656.38

655.10

654.51

654.23

664.01

653.90

653.99

654.30

654.44

654.35

654.20

654.11

654.09
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172.80 9.70 22.60 628.70 646.24

173.30 9.50 22.50 627.45 644.96

173.80 9.20 22.70 626.25 643.69

174.30 9.20 22.60 625.02 642.46

174.80 9.00 22.40 623.84 641.28

175.30 8.90 22.30 622.71 640.07

175.80 8.90 22.40 621.60 638.89

176.30 8.80 21.90 620.50 637.76

176,80 8.80 21.60 619.37 636.60

177.30 8.80 21.20 618.28 635.37

177.80 8.80 20.30 617.13 634.12

178.40 8.80 19.50 616.02 632.80

178.90 8.60 18.10 614.54 631.27

179.40 8.30 17.10 612.96 629.41

179.90 8.00 16.30 611.24 627.47

180.40 7.60 15.90 609.43 625.35

180.90 7.40 16.10 607.29 622.83

181.40 7.00 16.60 604.81 620.19

181.90 6.70 15.40 602.23 617.13

182.40 6.00 13.90 599.26 613.69

182.90 5.60 12.30 596.13 610.27

183.40 5.30 11.90 592.98 606.96

183.90 4.90 11.60 590.02 603.69

184.40 4.50 10.70 586.68 600.02

185.00 4.20 10.20 583.16 596.23

185.50 3.70 9.60 579.61 592.35

186.00 3.30 9.20 575.92 588.52

186.50 2.90 8.90 572.17 584.62

187.00 2.50 8.60 568.43 580.76

187.50 2.30 8.30 564.68 576.82

188.00 2.00 7.90 560.92 572.97

188.50 1.70 7.40 557.14 569.09

189.00 1.40 7.10 553.43 565.22

189.50 1.20 6.60 549.70 561.39

190.00 0.90 6.60 545.97 557.56

190.50 0.70 6.40 542.22 553.74

191.00 0.40 6.30 538.51 549.94

191.50 0.30 5.90 534.85 546.13

192.10 0.00 5.80 531.16 542.31

192.60 0.20 5.40 527.46 538.58

193.10 0.00 5.40 523.82 534.82

193.60 0.00 5.10 520.21 531.09

194.10 0.00 4.90 516.57 527.36

194.60 0.00 4.70 512.98 523.68

195.10 0.00 4.50 509.43 520.02

195.60 0.10 4.20 505.89 516.40

196.10 0.00 4.10 502.41 512.84

650.70 646.19 625.85 644.63 655.20 626.06 654.09

650.51 646.17 624.67 643.59 655.03 624.88 664.01

650.21 646.19 623.58 642.58 654.75 623.87 653.75

649.76 646.02 622.48 641.56 654.30 622.78 653.35

649.12 645.72 621.39 640.54 653.75 621.65 652.90

648.41 645.48 620.31 639.53 653.21 620.61 652.43

647.47 645.20 619.22 638.56 652.55 619.51 651.84

646.40 644.63 618.07 637.55 651.79 618.33 651,18

645.20 643.90 616.96 636.48 650.89 617.22 650.37

643.85 642.72 615.81 635.40 649.76 616.02 649.36

642.24 641.42 614.70 634.24 648.43 614.94 648.22

640.33 639.84 613.57 633.02 646.85 613.83 646.83

637.95 637.92 612.35 631.69 644.84 612.61 645.06

635.16 635.82 611.03 630.04 642.62 611.31 643.05

632.10 633.35 609.55 626.20 640.19 609.95 640.73

629.17 630.63 607.97 626.20 637.38 608.37 637.97

626.67 627.90 606.18 623.91 634.55 606.65 635.04

624.24 625.26 604.16 621.41 631.81 604.65 632.21

620.02 622.57 601.92 618.73 628.93 602.53 629.50

616.02 619.72 599.52 615.81 625.89 600.20 626.77

612.23 616.73 596.91 612.70 622.76 597.69 623.84

608.93 613.57 594.02 609.57 619.44 594.87 620.57

605.50 610.53 591.13 606.49 616.16 591.97 617.27

601.24 607.14 587.98 603,17 612.63 588.87 613.83

597.15 603.66 584.78 599.69 608.89 585.70 610.13

593.15 600.11 581.49 596.09 605.07 582.46 606.37

589.18 596.56 577.99 592.44 601.19 579.03 602.46

585.23 592.98 574.52 588.73 597.24 575.57 598.51

581.30 588.94 570.90 584.99 593.38 571.98 594.65

577.38 585.18 567.26 581,19 589.41 568.32 590.68

573.46 581.35 563,46 577.38 585.49 564.54 586.71

569.54 577.57 559.68 573.53 581.54 560.80 582.78

565.62 573.79 555.97 569.72 577.62 557.05 578.86

561.72 570.01 552.12 565.87 573.65 553.22 574.87

557.87 566.20 548.36 562.07 569.72 549.44 570.92

554.02 562.40 544.47 558.22 565.78 545.57 566.93

550.19 558.62 640.69 554.40 561.84 541.77 562.99

546.42 554.82 536.84 550.57 557.94 537.90 559.04

642.57 551.06 533.02 546.74 554.04 534.07 555.15

538.81 547.31 529.17 542.94 550.17 530.20 551.25

535.04 543.60 525.46 539.19 546.35 526.52 547.40

531.26 539.85 521.75 535.39 542.50 522.86 543.51

527.53 536.09 518.12 531.66 538.70 519.29 539.68

523.84 532.43 514.60 527.93 534.89 515.82 535.88

520.16 528.77 511.19 524.27 531.16 512.51 532.13

516.52 ..... 52_5.11 507.79 520.65 527.41 509.22 528.37

512.93 521.43 504.46 517.06 523.70 506.01 524.62
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